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Resumo 
A espermatogénese é o processo biológico que resulta na formação e emissão dos gâmetas 
masculinos, i.e. os espermatozóides, o qual requer uma estricta regulação hormonal para que 
possa decorrer com sucesso. A importância dos androgénios (como a testosterona e a 5α-di-
hidrotestosterona) para a regulação da espermatogénese é bem reconhecida. Porém, mais 
recentemente, a importância dos estrogénios (como o 17β-estradiol) também tem sido 
demonstrada. Estes esteróides sexuais actuam através de factores de transcrição activados 
por ligando, os receptores de estrogénios α (ERα) e β (ERβ) e o receptor de androgénios (AR), 
respectivamente. A maioria das acções destas hormonas são alcançadas através da regulação 
de genes-alvo. Os dois receptores de estrogénios têm efeitos diferentes e por vezes opostos 
na regulação dos seus genes-alvo e a acção estrogénica irá depender da interacção entre eles, 
quando co-expressos na mesma célula. A expressão de ERα e ERβ no testículo humano tem 
sido objecto de forte debate, e uma resposta definitiva sobre se apenas o ERβ ou ambos os 
ERs são expressos seria fundamental para a compreensão das acções dos estrogénios na 
espermatogénese humana. Vários variantes de ERα e ERβ gerados por processamento 
alternativo de RNA mensageiro foram descritos no testículo, desempenhando papéis 
importantes na regulação dos respectivos receptores protótipo. Em contraste, apenas um 
variante do AR foi descrito até agora no testículo humano, apesar de se esperar a existência 
de mais variantes responsáveis por acções reguladoras ou não-clássicas. A definição do 
transcriptoma regulado pelos estrogénios e androgénios é também de suma importância para 
a compreenção dos papéis desempenhados pelas hormonas esteróides sexuais no testículo. Na 
presente tese, os objectivos foram clarificar a expressão do ERα e ERβ no testículo humano, 
procurar variantes alternativos do AR, e identificar e caracterizar novos genes regulados por 
estrogénios e androgénios com potencial importância no controlo da espermatogénese. Os 
resultados apresentados demonstram inequivocamente que tanto o ERα como o ERβ são 
expressos no testículo humano e clarificam a sua distribuição celular. Foi confirmada a 
existência de formas alternativas do AR no testículo, com a identificação de quatro novos 
variantes, dois deles apresentando-se conservados ao longo da linha evolutiva dos 
vertebrados, indicando uma importância funcional. No que se refere ao transcriptoma 
regulado pelos esteróides sexuais, foram identificados dois novos genes, um regulado por 
estrogénios e outro por androgénios. O inibidor da apoptose e modulador da resposta a danos 
no DNA Aven foi identificado como um novo gene-alvo para os estrogénios no testículo. Pela 
primeira vez a sua expressão e distribuição celular foi caracterizada no testículo humano e de 
rato, encontrando-se presente em células de Sertoli e células germinativas. Talvez mais 
importante ainda, demonstrámos que os níveis de expressão de Aven no testículo humano 
estão positivamente correlacionados com a qualidade da espermatogénese. Relativamente ao 
gene regulado por androgénios, a  Regucalcina (RGN), foi caracterizada a sua expressão em 
resposta à 5α-di-hidrotestosterona, e demonstrou-se que se localiza em todos os tipos 
celulares do testículo humano e de rato. A RGN está envolvida no controlo do cálcio 
intracelular e na regulação da proliferação celular e apoptose, processos cuja regulação tem 
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uma importância fulcral para o controlo da espermatogénese. Os estrogénios e androgénios 
são reconhecidos factores de sobrevivência das células germinativas e regulam os mecanismos 
de controlo da apoptose testicular. Pensamos que tanto o Aven como a RGN estarão 
envolvidos nos mecanismos de sobrevivência das células germinativas, que são controlados 
por estrogénios e androgénios. Em conclusão, esta tese contribuiu para aumentar o 
conhecimento acerca das acções estrogénicas e androgénicas no testículo. A identificação de 
“novos actores” no “elenco” do “drama” que é o controlo hormonal da espermatogénese abre 
novas perspectivas de abordagem na investigação da espermatogénese nos mamíferos e 
permite clarificar as bases moleculares da infertilidade masculina. 
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Resumo Alargado 
A espermatogénese é um processo complexo que culmina com a produção dos gâmetas 
masculinos, os espermatozóides. Este processo deve ser fortemente regulado de modo a que 
ocorra normalmente. O principal mecanismo de controlo da espermatogénese é o eixo 
hipotálamo-pituiária-gónada. Em síntese, o hipotálamo produz a hormona libertadora de 
gonadotrofinas que actua na pituitária induzindo a libertação de hormona luteinizante (LH) e 
hormona estimuladora de folículo (FSH). A LH e FSH chegam ao testículo através da 
circulação, onde vão actuar em tipos celulares distintos. A LH actua nas células de Leydig (LC) 
que se localizam no espaço intersticial, estimulando o processo de esteroidogénese ou seja, 
produção de esteróides sexuais. A FSH actua nas células de Sertoli (SC), localizadas nos 
túbulos seminíferos (a unidade fundamental da espermatogénese), estimulando-as a produzir 
diversos factores necessários à manutenção das células germinativas. As LC produzem 
diversos esteróides sendo o principal a testosterona, a qual pode ser convertida nos tecidos 
alvo num androgénio mais potente, a 5α-di-hidrotestosterone pela enzima 5- -reductase, ou 
no estrogénio 17β-estradiol pela enzima P450 aromatase, que também é expressa nas LC, 
para além de outras células testiculares. Estrogénios e androgénios actuam através de 
receptores membros da super-família dos receptores nucleares, que funcionam como factores 
de transcrição activados por ligando. Estão descritos dois receptores diferentes para os 
estrogénios, o receptor de estrogénios α (ERα) e o β (ERβ), enquanto que para o receptor de 
androgénios (AR) existe apenas uma forma. O mecanismo de acção dos estrogénios e 
androgénios envolve basicamente os mesmos passos. O esteróide entra na célula, onde se liga 
ao seu receptor, que por sua vez irá sofrer alterações conformacionais que possibilitam a sua 
translocação para o núcleo. Aí, os receptores irão ligar-se sob a forma de dímeros à região 
reguladora dos genes-alvo, estimulando ou reprimindo a sua transcrição. Por actuarem 
através deste mecanismo, a maioria das acções dos estrogénios e androgénios são causadas 
pela regulação da expressão de genes-alvo o que se traduzirá na síntese de novas proteínas 
responsáveis pelos efeitos atribuídos a estas hormonas. Apesar de apresentarem grande 
homologia, o ERα e ERβ têm efeitos diferentes e até por vezes opostos nos seus genes-alvo, 
para além de que podem formar heterodímeros, estando por isso a resposta estrogénica 
dependente dos níveis de expressão de cada um dos receptores e também da interacção entre 
eles, quando expressos em conjunto na mesma célula. Por isso é determinante, conhecer os 
níveis de expressão e a distribuição celular dos dois tipos de ER para cada tecido específico. 
Tem havido um grande debate acerca da expressão de ERα e ERβ no testículo humano. Alguns 
autores sugerem que apenas o ERβ é responsável pelas acções estrogénicas neste tecido, e 
como tal na espermatogénese, apesar de os dados obtidos em roedores e também a descrição 
de um homem com uma disrupção do gene do ERα sugerirem o contrário. A clarificação da 
expressão e distribuição dos ERs no testículo humano é fundamental para compreender a 
acção dos estrogénios sobre genes-alvo, principalmente tendo em conta o papel fundamental 
dos estrogénios na espermatogénese. Os receptores de esteróides sexuais têm 
frequentemente variantes originados por processamento alternativo de RNA mensageiro. No 
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caso dos ERs já foi descrita uma grande quantidade destes variantes, os quais se encontram 
presentes em vários tecidos, entre os quais o testículo. A maioria destes variantes tem uma 
função de regulação da actividade dos receptores protótipo correspondentes. Em contraste, 
até ao momento apenas foi descrito um variante do AR no testículo, o qual apresenta funções 
reguladoras do AR protótipo. Sendo assim, prevê-se que existam por identificar no testículo 
outros variantes do AR, que poderão desempenhar importantes funções reguladoras ou ser 
responsáveis por acções não-clássicas, isto é, não relacionadas com a regulação da expressão 
génica. Apesar de ser aceite que as principais acções de androgénios e estrogénios são 
causadas pela regulação da expressão de genes-alvo, ainda não se conhece totalmente a 
pletora de genes regulados por estas hormonas com possível importância na 
espermatogénese. No entanto o estudo destes genes reveste-se de fundamental importância, 
já que permite conhecer mais detalhadamente os papéis desempenhados pelas hormonas 
esteróides na espermatogénese e poderá indicar potenciais alvos terapêuticos e de 
diagnóstico que ajudem a decifrar as causas da infertilidade masculina idiopática. Os 
principais objectivos desta tese foram portanto, clarificar a expressão do ERα e ERβ no 
testículo humano tal como a sua distribuição celular, procurar variantes do AR com 
importância funcional no testículo, identificar e caracterizar novos genes regulados por 
estrogénios e androgénios com potencial importância na regulação da espermatogénese. Os 
resultados apresentados confirmam inequivocamente que tanto ERα como ERβ são expressos 
no testículo humano. Para além disso a sua distribuição celular também foi clarificada sendo 
que o ERα encontra-se localizado nas LC, SC, espermatogónias, espermatócitos, espermátides 
redondas e alongadas, enquanto o ERβ é expresso nas mesmas células excepto SC e 
espermatogónias. No que se refere ao AR, foram identificados quatro variantes em testículo 
humano, sendo que dois deles também se encontravam presentes em fígado, pulmão, rim e 
coração humanos. Para além disso procurou-se saber se algum destes novos variantes do AR 
no testículo humano seriam expressos no testículo de outras espécies. Dois dos variantes 
encontrados no testículo humano encontravam-se de facto conservados ao longo da linha 
evolutiva de vertebrados, indicando uma potencial importância funcional. No que se refere a 
genes-alvo de esteróides no testículo, foram identificados e caracterizados dois novos alvos; 
um novo gene regulado por estrogénios, o Aven, e um novo gene regulado por androgénios, a 
Regucalcina (RGN). O Aven é um inibidor da apoptose que também actua como modulador da 
resposta a danos no DNA. Os resultados demonstram que em túbulos seminíferos de rato 
cultivados ex vivo os estrogénios estimulam a expressão do Aven. A distribuição celular do 
Aven no testículo humano e de rato foi caracterizada, verificando-se que se localiza 
principalmente nas SC e espermatócitos e menos nas espermatogónias. Também se verificou 
que a expressão de Aven se correlaciona com a qualidade da espermatogénese, apresentando 
um máximo quando a espermatogénese se apresenta conservada, tendo por isso um potencial 
no estudo da infertilidade masculina. O facto de o Aven ser um poderoso inibidor da apoptose 
parece indicar que a disrupção da espermatogénese pode ter na sua génese um aumento da 
morte de células germinativas, o que está de acordo com estudos anteriores. Por outro lado 
demonstrou-se que a expressão de RGN em túbulos seminíferos de rato cultivados ex vivo é 
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estimulada por androgénios. Verificou-se ainda que a sua distribuição celular no testículo é 
extremamente ubíqua, sendo expressa em todos os tipos de células tanto em testículo 
humano como no de rato. A RGN é um regulador da concentração intracelular de cálcio que 
actua através da modulação da actividade de canais e transportadores de cálcio na membrana 
celular e do retículo endoplasmático e mitocôndria. Já foi também demonstrado que a RGN 
desempenha um papel na proliferação celular e controlo da apoptose. Sabe-se que a 
sobrevivência das células germinativas está dependente de uma correcta acção de estrogénios 
e androgénios. Assim sendo, os dados apresentados sugerem que, tanto o Aven como a RGN, 
poderão estar envolvidos nos mecanismos de regulação da sobrevivência das células 
germinativas masculinas, mediados pelos esteróides sexuais. Em conclusão, esta tese mostra 
dados importantes para decifrar os mecanismos de acção de estrogénios e androgénios no 
testículo e na espermatogénese através dos seus receptores, ERα, ERβ e AR e dos genes 
regulados por estes dois grupos de hormonas. Para além disso são apresentados “novos 
actores” que podem desempenhar papéis importantes na regulação da espermatogénese pelos 
esteróides sexuais, o que abre novas linhas de investigação no estudo da espermatogénese e 
consequentemente da fertilidade masculina. 
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Abstract 
Spermatogenesis, the process of male gamete (i.e. spermatozoa) production, requires tight 
hormonal regulation in order to proceed successfully. The importance of androgens (like 
testosterone and 5α-dihydrotestosterone) to the regulation of spermatogenesis is well 
recognized. However, more recently, the importance of estrogens (like 17β-estradiol), has 
also been demonstrated. These sexual steroids act through ligand-activated transcription 
factors, estrogen receptors α and β (ERα and ERβ) and androgen receptor (AR), respectively. 
Most actions of these hormones are achieved through the regulation of target genes. The two 
ERs have different and sometimes opposing effects on the regulation of target genes, and 
estrogenic action will ultimately depend on interplay between them, when co-expressed in 
the same cell. The expression of ERα and ERβ in human testis has been strongly debated and 
a definite answer to whether only ERβ or both ERs are expressed is pivotal to understanding 
the estrogenic actions in human spermatogenesis. Several splice variants for ERα and ERβ 
have been described in testis, playing important roles in the regulation of their prototype 
receptors. In contrast, only one AR variant has been described so far in human testis, 
although the existence of more variants responsible for regulatory and non-classical actions is 
highly expected. The definition of the estrogen and androgen regulated transcriptome is of 
pivotal importance to understand the precise roles of sexual steroid hormones in testis. The 
main objectives of this thesis were to clarify the expression of ERα and ERβ in human testis, 
search for alternatively spliced AR variants, and to identify and characterize novel estrogen 
and androgen regulated genes with a potential importance in the control of spermatogenesis. 
The results presented herein demonstrate unequivocally that both ERα and ERβ are expressed 
in human testis, and clarify their cellular distribution. The existence of alternatively spliced 
testicular AR variants was confirmed with detection of four new AR forms in human testis, 
two of them conserved along the vertebrate evolutive line indicating a relevant functional 
importance. Conserning the sex steroid regulated transcriptome, two novel genes were 
identified, one regulated by estrogens and the other by androgens. Apoptosis inhibitor and 
modulator of DNA-damage response Aven was identified as a novel estrogen target gene in 
testis. Its expression was for the first time characterized in human and rat testis, as well as 
its cellular distribution to Sertoli and germ cells. Perhaps more importantly, it was shown that 
the expression levels of Aven in human testis are positively correlated with quality of 
spermatogenesis. Concerning androgen regulated gene, the expression of Regucalcin (RGN) in 
response to 5α-dihydrotestosterone was characterized, and RGN shown to be expressed by all 
cells in rat and human testis. Regucalcin is involved in the control of intracellular calcium 
concentration and regulation of cell proliferation and apoptosis, processes whose regulation is 
of pivotal importance in the control of spermatogenesis. Estrogens and androgens are well 
recognized as germ cell survival factors and are known to regulate control mechanisms for 
testicular apoptosis. Therefore, we believe that both Aven and RGN are involved in 
mechanisms of germ cell survival, which are controlled by androgens and estrogens. In 
conclusion, this thesis has contributed to increase the knowledge about estrogenic and 
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androgenic action in testis. The “new actors cast” to the drama that is the hormonal control 
of spermatogenesis open new storylines in the research of mammalian spermatogenesis and 
perheaps male fertility. 
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1. GENERAL INTRODUCTION 




















Cellular and Molecular Overview of Mammalian Spermatogenesis 
Spermatogenesis is a complex process occurring in testis involving cell division and maturation 
that culminates with the production of the male gametes, spermatozoa. Besides 
spermatogenesis, the testes are also the place for the synthesis of steroids. Testes are 
enclosed by a fibrous capsule, tunica albuginea, composed of an outer visceral peritoneum 
and an inner layer of fibroblasts, collagen fibers, and smooth muscles cells. Inside each testis 
there are several coiled hairpin-shaped seminiferous tubules (SeT) with both ends emptying 
into a structure called rete testis1. The SeT is the functional unit of spermatogenesis and 
contains the somatic Sertoli cells (SC) and various types of germ cells (Figure 1.1). The 
tubules are surrounded by peritubular tissue composed of connective tissue and peritubular 
myoid cells, which move immature spermatozoa towards the rete testis2,3. The synthesis of 
steroids occurs mainly in the interstitial space, which consists of the Leydig cells (LC), 
macrophages, blood and lymph vessels, and nerves. The SeT open into transitional zones in 
the rete testis lined by cells resembling Sertoli cells which appear to form a valve or plug. 
Spermatogenesis can be defined as the sequence of cytological events that result in the 
formation of mature spermatozoa from precursor cells4. It is characterized by three 
functional phases: proliferation, meiosis, and differentiation5. The process requires 
spermatogonial stem cells renewal and amplification by mitosis and differentiation. 
Spermatogonial stem cells respond to differentiation signals and undergo mitosis without 
completing cytokinesis. Spermatogonia then differentiate into primary spermatocytes, which 
proceed to meiosis and originate secondary spermatocytes. These divide to become haploid 
spermatids and are transformed into spermatozoa (Sz) by spermiogenesis5. For 
spermatogenesis to occur a unique environment within the SeT is necessary, which is 
achieved by the blood-testis barrier, formed by adjacent SC6.  
 
Figure 1.1 Schematic view of the testicular histology (modified from 7)  
 




















The somatic cells  
There are two main types of somatic cells in the testis: SC and LC. While SC are an integrant 
part of the seminiferous epithelium and have nursing functions, LC are localized in the 
interstitial space between the tubules and their main function is testicular steroidogenesis4. 
Sertoli cells play an essential role in spermatogenesis as they supply the developing germ cells 
with nutrients and growth factors, and the number of SC determines testicular size and sperm 
output8. The critical importance of SC to the survival of germ cells is also demonstrated by 
the fact that although SC-only tubules exist, in cases of Sertoli cell-only syndrome (SCOS), 
there are no cases describing germ cell-only tubules9. Moreover, because germ cells do not 
express androgen receptor (AR), the action of androgens on germ cells is achieved through 
SC10-12. In fact targeted deletion of AR in Sertoli cells results in complete disruption of 
spermatogenesis13-15, while deletion in germ cells causes no effect on male fertility16 (see also 
Androgens and Androgen Receptor, page 16). Sertoli cells were first described by Enrico 
Sertoli in 1865 as individual elements extending from the basement membrane to the lumen 
of the seminiferous tubule involving the many clusters of associated germ cells17. These cells 
regulate the flow of nutrients and growth factors to the germ cells while protecting them 
from harmful agents and the host‟s immune system18. This is done by the so-called blood-
testis barrier, formed by tight junctions between neighbouring SC (Figure 1.1)18. The barrier 
divides the basal compartment containing diploid cells from the adluminal compartment, 
containing haploid germ cells and bathed by the SeT fluid (STF) secreted by SC. Also, they are 
responsible for the phagocytosis of apoptotic germ cells and residual bodies, which result 
from the spermiation (release) of spermatids into the lumen of the tubules19,20. 
Sertoli cells produce numerous molecules, including the androgen binding protein (ABP) which 
enables the achievement of high concentrations of androgens in the STF and the excurrent 
ductal system21.  
The proliferation of SC is stimulated by follicle-stimulating hormone (FSH)22, which also 
induces SC to produce factors such as ABP, inhibin, lactate and transferrin23-26 (see also 
Regulation of spermatogenesis, page 7). Not only androgens but also estrogens act on SC and 
in addition, immature SC are known to express active P450 aromatase, which converts 
testosterone into 17β-estradiol (E2), making SC simultaneously a source and a target for 
estrogens (see also Estrogens and Estrogen Receptors: α and β, page 11). 
Leydig cells are localized in the interstitial spaces between SeT (Figure 1.1)4. These cells 
contain lipid droplets containing cholesterol esters, which are used for the synthesis of 
testosterone. Leydig cells are, in fact, the main site of steroidogenesis in the testis and the 
main source of testicular androgens27. They have well developed smooth endoplasmic 
reticulum (SER), which contains membrane-bound steroidogenic enzymes28,29. Only one step 
of the steroidogenic pathway occurs outside of the SER, the conversion of cholesterol to 




















pregnenolone (Figure 1.2) happening in the membrane of the mitochondrial cristae29,30. The 
SER is therefore the main site of steroidogenic enzymes in LC, and testosterone production is 
actually directly proportional to the volume of this organelle31. In LC, testosterone can be 
further metabolized to a more potent androgen, 5α-dihydrotestosterone (DHT), by the action 
of 5α-reductase (Figure 1.2) within the microsomes of SER, although testosterone is the 
prevalent intratesticular androgen29,32,33. Alternatively, testosterone can also be metabolized 
by P450 aromatase complex into the E2 (Figure 1.2), which locates to the mitochondria of the 
LC34,35. 
 
Figure 1.2 Steroidogenic pathway leading to the synthesis of testosterone from cholesterol. 
Testosterone can be further metabolized to estrogen 17β-estradiol or to more potent 
androgen 5α-dihydrotestosterone. Legend: P450scc – cholesterol side-chain cleavage 
enzyme; P450c17 – 17α-hydroxylase/17,20-lyase; 3β-HSD – 3β-hydroxy steroid 
dehydrogenase. 
The germ cells 
The germinal epithelium is constituted by germ cells in different developmental stages nested 
in invaginations of SC4. The earliest cells to appear in the germinal epithelium are 
spermatogonia (Figure 1.3). In order for spermatogenesis to be continuous spermatogonia 
must renew themselves by mitosis in addition to proceeding to meiosis, originating two types 
of cells: type A and type B spermatogonia4. As they undergo mitosis they remain connected by 
intracellular cytoplasmic bridges, due to incomplete cytokinesis36. These bridges, which 
persist until Sz are released into the SeT lumen, enable the movement of several 
macromolecules including mRNAs and proteins, allowing the transport of Y chromosome 




















encoded gene products to X-bearing cells and vice versa37. While type A spermatogonia 
continue proliferating and remain in the periphery of the tubules, type B spermatogonia 
progressively loose contact with the basal membrane and are able to enter the process of 
meiosis by differentiating into primary ST. At this point, primary spermatocytes pass through 
the blood-testis barrier into the adluminal compartment.  
 
Figure 1.3 Cell division and differentiation events occurring on spermatogenesis (modified from 38) 
Meiosis involves a round of DNA replication followed by two cell divisions (Figure 1.3).   
Meiosis I begins with primary spermatocytes and results in secondary spermatocytes, bearing 
a haploid number of chromosomes and diploid DNA content. Meiosis II is similar to a mitotic 
division and occurs in secondary ST resulting in haploid spermatids. Secondary spermatocytes 
have a very short life-span, and are therefore very rare in testis tissue sections. These cells 
are located close to the lumen and have a spherical shape. They undergo meiosis II and each 
one gives rise to two spermatids (Figure 1.3). Early spermatids are smaller than secondary 
spermatocytes and can be found in the lumen of SeT. The transformation of spermatids into 
Sz does not involve further cell division, it is a cellular restructure process called 
spermiogenesis4. This involves formation of the acrosome (Golgi originated lysosomal 
structure that undergoes acrosome reaction at fertilization)39, nuclear changes (from central 
to eccentric position, condensation of chromatin), development of the flagellum, 
reorganization of cytoplasm and organelles and spermiation (release of the spermatozoon by 
Sertoli cells into the SeT lumen)4. 
 
 




















Regulation of spermatogenesis 
Spermatogenesis is a process that requires tight control for its maintenance. This is achieved 
by hormonal and non-hormonal regulators. The major mechanism for hormonal control of 
spermatogenesis is the hypothalamic-pituitary-gonadal axis40 (Figure 1.4).  The hypothalamus 
releases gonadotropin releasing hormone (GnRH) which acts on the pituitary inducing the 
release of luteinizing hormone (LH) and FSH. In the testis, LH will act on LC, stimulating the 
synthesis of testosterone (T), while FSH will act on SC stimulating spermatogenesis and the 
production of several signalling factors41.  
 
Figure 1.4  Overview of the hypothalamic-pituitary-testicular axis. GnRH, gonadotropin releasing 
hormone; LH, luteinizing hormone;  FSH, follicle-stimulating hormone; LC, Leydig cell; SC, 
Sertoli cell; PMC, peritubular myoid cell; GC, germ cell; T, testosterone; E2, 17β-estradiol. 
After being produced by LC, T diffuses into the SeT where it acts on SC, or enters circulation, 
acting in numerous target organs42,43 (more on this subject in section Androgens and Androgen 
Receptor, page 16). Testosterone can be converted (Figure 1.2) into E2 (more details in the 
section Estrogens and Estrogen Receptors: α and β, page 11) or into a more potent androgen 
DHT. Testosterone/DHT/E2 can act in a negative feedback mechanism to inhibit the 
hypothalamic release of GnRH and pituitary release of LH (Figure 1.4). Testes also produce 
inhibins, mostly inhibin B, part of the transforming growth factor β (TGF-β) family which will 
exert a negative feedback effect on the production and release of FSH by the pituitary44. 
Inhibin B is a dimeric glycoprotein which is formed by an α subunit, produced mainly by SC 
and to a lesser extend by LC25,45, and a βB subunit, produced mainly by germ cells
46,47. 
Because of this inhibin B is a combined product of somatic and germ cells and therefore its 
levels reflect the quality of spermatogenesis48,49.  




















Other factors from the TGF-β family besides inhibin B play a role in the regulation of 
spermatogenesis. For example, stem cell factor and glial cell line-derived neurotrophic 
factor, which seem to be important for the survival and differentiation of 
spermatogonia9,50,51. Moreover, anti-mullerian hormone (AMH) is secreted by SC until puberty 
and induces the regression of the Mullerian duct in male embryos52. An interesting part of the 
control of spermatogenesis is played by cytokines. For example, tumour-necrosis factor-α 
(TNFα) is produced in the testis by a variety of cells including SC53,54 and several germ 
cells54,55, and is capable of inhibiting LC steroidogenesis56 and increasing AR expression in 
SC57. The expression of TNFα receptors in SC is hormonally controlled by FSH58.  
Sertoli cells produce other factors necessary for successful spermatogenesis. As previously 
said they produce ABP, which enables a high concentration of androgens on the adluminal 
compartment milieu. Other factors synthesized by SC are, for example, transferrin, 
ceruloplasmin, proteases, protease inhibitors and structural components of the basement 
membrane9,41. Transferrin in particular has been a marker for SC number and function, and its 
concentration in seminal fluid has been correlated with sperm production59-61. This protein 
transports iron to the germ cells in the adluminal compartment62,63. Although germ cells seem 
to have high iron requirements for proliferation and differentiation64,65, its levels must be 
tightly regulated as excessive iron is damaging to spermatogenesis66. Iron is not, however, the 
only inorganic regulator of spermatogenesis. There has been some data indicating that 
calcium (Ca2+) has an important role to play in the regulation of spermatogenesis. This ion is 
essential for the maintenance of SC tight junctions forming the blood-testis barrier67 and 
modulates the activity of enzymes interfering in SC architecture68,69. A tight regulation of 
intracellular Ca2+ concentration is essential for LC steroidogenesis, for example by controlling 
the expression of steroidogenic acute regulatory protein70,71. Moreover, it has been shown 
that administration of Ca2+ channel blockers has deleterious effects on mammalian 
spermatogenesis, being associated with reversible infertility72-78. 
The Steroid Hormone Receptor Superfamily 
Sex steroid hormone (SR) receptors act mainly through nuclear receptors (NR), a superfamily 
comprising receptors which act as transcription factors79,80. However, ligands were only 
identified for 24 members of the family, the rest being called orphan receptors79. The NR 
superfamily can be divided into six subfamilies or classes based on evolutionary data79,81,82: 
 Subfamily 1 has 21 members and includes among others thyroid hormone receptors α 
and β, retinoic acid receptors α, β, and γ, and vitamin D receptor. 
 Subfamily 2 is slightly smaller, with 13 members, including retinoid X receptors α, β, 
and γ, and testis receptors α and β.  
 Subfamily 3 includes all SR in addition to estrogen-related receptors α, β, and γ 
(Table 1.1).  




















 Subfamily 4 is smaller, having only three members (nerve growth factor-induced clone 
B α, β, and γ). 
 Subfamily 5 has only two members, steroidogenic factor 1 and Fushi Tarazu factor 1. 
 Subfamily 6 has only one member, germ cell nuclear factor. 
Table 1.1 Subfamily 3 of the NR superfamily. Adapted from 79,82 
Receptor Denomination Subtypes Nomenclature  Ligand 





E2, tamoxifen, raloxifen, 




















 NR3C2 Aldosterone, apirolactone 




AR Androgen receptor  NR3C4 Testosterone, flutamide 
The first SR to be identified, albeit by biochemical methods, was a receptor for estrogens in 
1962 83. However, it took 26 years for estrogen receptor α (ERα) to be cloned84,85.  
All SR share common structural features, consisting of basically the same functional domains 
(Figure 1.5): amino-terminal domain (NTD; A/B region), DNA-binding domain (DBD; C region), 
a hinge region (D region), and ligand binding domain (LBD; E region). Estrogen receptors also 
contain a region F of yet unknown function. The NTD, which contains the transcription 
activation function AF1, is the most variable region. In contrast, the DBD is the best 
conserved, as this is the domain by which SR bind to DNA at specific sequences called 
hormone response elements. The DBD contains two cystine-rich zinc (Zn) fingers (Figure 1.6) 
which fold to form a compact structure with two perpendicular α-helices that are important 
for DNA recognition and binding86-88. The first Zn-finger contains the P-box, a sequence of five 
amino acids which is involved in DNA recognition, while the second contains the D-box, also 
formed by five amino acids which is involved in receptor dimerization89. 





















Figure 1.5 The upper panel shows a schematic representation of a typical nuclear receptor. The A/B 
region contains the amino (NH2)-terminal domain (NTD), the C region contains the DNA-
binding domain (DBD), the hinge is located in region D, while region E constains the ligand 
binding domain (LBD) in the carboxy(COOH)-terminal end of the protein. In some members a 
region F with unknown function may also be present. Two activation functions, AF1 and 
AF2, are localized on the NTD and LBD, respectively and a nuclear localization signal is 
localized between the DBD and the hinge region D. The schematic representation of the 
members of subfamily 3 of the nuclear receptor superfamily are also shown (ERα and ERβ, 
estrogen receptors α and β; ERRα, ERRβ, and ERRγ, estrogen-related receptors α, β, and γ; 
GR, glucocorticoid receptor; MR, mineralocorticoid receptor; PR, progesterone receptor; 
AR, androgen receptor). The amino acid position of each region is shown with arabic 
numerals and refers to the human proteins90-92 
 The DBD is linked to the LBD through the hinge region, a poorly conserved domain which 
often contains a nuclear localization signal. The LBD is less conserved than the DBD, however 
it is responsible for ligand binding, dimerization, interaction with heat-shock proteins, and 
contains ligand-dependent transactivation function AF293,94. 





















Figure 1.6  Schematic view of DNA binding domain with 2 zinc fingers and corresponding cystine 
residues. Aminoacids common between nuclear receptors are indicated by their 
corresponding letters, while non-conserved residues are indicated in black (based on 82. 
Localization of P-box and D-box is pointed.   
Hormone response elements are located on the regulatory regions of target genes and consist 
of a 6 bp consensus motif82. For SR the sequence of the motif is AGAACA separated by three 
spacer nucleotides however, naturally occurring response elements can show variation from 
this sequence82,95. Most receptors will bind as dimers to these response elements, which are 
usually made from two of these hexameric motifs (called half-sites), arranged into 
palindromes, inverted palindromes, or direct repeats82. The exception is the ERs, which bind 
to palindromes of the half-site GGTCA96. 
Is this thesis, attention will be focused on two groups of sex steroid hormones, androgens and 
estrogens, and their respective receptors. 
Estrogens and Estrogen Receptors: α and β 
Estrogens are steroid hormones synthesized from C19 androgens (e.g. T) by aromatase 
encoded by the CYP19 gene97. The most prevalent estrogen in humans is E2, although smaller 
amounts of several metabolites are present. Estrogens act through ERα and ERβ, sex steroid 
receptors, through various mechanisms in order to exert their effects98. Although classically 
viewed as “female” hormones, estrogens have been shown to play pivotal roles in male 
physiology, including in reproduction99. Estrogens and ERs have also been suggested to play 
important parts in the pathophysiology of numerous types of cancer100-103, including prostate 
cancer104.  
ERα and ERβ genes and proteins 
The first evidence of a receptor for estrogens appeared in the 1960‟s83 based on the specific 
binding of E2 in the uterus. In 1986 the cDNA for estrogen receptor (ER) was cloned by two 
groups84,85. However, 10 years later a second ER was cloned and named ERβ, while the first ER 
cloned was re-named ERα105,106. The two ER subtypes are encoded by genes in different 
chromosomes. In humans, ERα is encoded by a gene in chromosome 6107,108 while ERβ gene is 
located on chromosome 14109; in rat ERα and ERβ are encoded by genes on chromosomes 1110 




















and 6111, respectively. Both the genes encoding human ERα and ERβ are organized into eight 
exons109,112. Expression of the ERα/β gene is regulated by estrogens113-115, similar to what 
happens with the AR and other SR116,117. 
The human ERα gene encodes a 595 aa protein85 while ERβ protein is 485 aa long105. Both ERα 
and ERβ proteins have the typical structure of a NR with functional domains from A/B to F 
(Figure 1.5). The NTD (domain A/B) is the least conserved between α and β subtypes and 
contains a transactivation domain while only 58% of the LBD is conserved between the two 
receptors98 (Figure 1.7). Alike other members of NR superfamily, ERs have two transactivation 
functions, AF1 (located in NTD) and AF2 (located in LBD)118. Similarly to what happens with 
the AR, binding of ligands to the LBD will cause a conformational change that will render the 
AF2 domain fully active93,119. Between the DBD and the LBD localizes the flexible hinge region, 
which is poorly conserved between the two receptors106 and may account for differences in 
receptor-induced changes in DNA structure necessary for gene transcription120. The hinge 
region also harbours the nuclear localization signal121. Both receptors have a high degree of 
homology concerning their DBD98 (Figure 1.7), which contain the two typical Zn-fingers 
responsible for interaction with estrogen response elements (ERE) in the regulatory sequences 
of target genes, and the P-box (involved in DNA recognition) is identical in both receptor 
proteins (Figure 1.6)105.  
 
Figure 1.7 Percentage of amino acid identity between human estrogen receptors α (ERα) and β 
(ERβ)92,106 
Several ERα and ERβ have been described, some of which originated by alternative       
splicing122-124, however whether all of them are translated into proteins or have important 
biological functions remain to be determined125. However, some variants have been showed 
to modulate the activity of the prototype ERs126,127. 
Mechanisms of estrogen action 
Estrogens can act through two main groups of mechanisms: genomic and non-genomic actions. 
In the classical mechanism, estrogens bind to its receptor triggering a series of 
conformational changes and events that ultimately lead to changes in the transcription rate 
of estrogen-regulated genes (Figure 1.8). Although this process is not entirely understood, it 
is very similar to what happens with other SR, namely AR, and it involves release of 
chaperone proteins, phosphorylation128, dimerization of the estrogen-bound receptor, 
interaction with DNA, recruitment of transcription factors and coregulators, and assembly of 
the transcriptional complex129,130. Phosphorylation regulates ER activation131,132,  and 
dimerization133, and ligand-independent activation of ERs through phosphorylation has been 




















described134,135. Estrogen receptors bind to EREs in the regulatory regions of target genes, 
containing the consensus motif GGTCA organized in palindromic repeats with a variable 3 bp 
spacer96,136. Both ERs bind these ERE with similar affinity, however the addition of a 
nucleotide to the consensus, forming palindromes of AGGTCA with a 3 bp spacer, determines 
the affinity with which ERα binds to the ERE137. The activity of ERs can be modulated by 
several factors, including alternatively spliced variants126,127. More importantly, ERβ acts as a 
dominant negative regulator of ERα transcriptional activity138. Therefore, in cells and tissues 
expressing both ERs, estrogenic actions are determined by the balance between ERα and ERβ. 
ERα and ERβ sometimes show opposite transcriptional regulatory activities. A classical 
experiment which involved binding of agonist raloxifene to ERβ induced an increase in 
reporter gene expression, however binding to ERα resulted in minimal activation139. Opposing 
actions of ERα and ERβ also occur in the regulation of cyclin D1 expression140. Curiously ERs 
bind DNA not only as ERα/ERα or ERβ/ERβ homodimers but also as ERα/ERβ heterodimers, 
adding new levels of complexity to estrogenic action141,142. It has been demonstrated that 
these heterodimers bind to DNA with higher affinity than ERβ homodimers142 and are able to 
bind not only to classical but also to specific EREs in the genome resulting in specific gene 
expression profiles different from those regulated by homodimers143. 
 
Figure 1.8 Mechanisms of estrogen control of gene expression. 1. Classical mechanisms – estrogens 
enter the cell, bind to their cognate nuclear receptors (ER) which travel to the nucleous and 
bind, as dimmers, to estrogen responsive elements in the genome, controlling the rate of 
gene expression. 2. Estrogen-bound ER can bind and activate other transcription factors, 
that in turn bind to their responsive elements on the genome, controlling gene expression. 
3. Estrogen-independent ER-mediated mechanism – growth factors can bind to their 
membrane receptor, triggering a protein-kinase cascade that phosphorilates and activate 
ER, which enters nucleus and binds to estrogen responsive elements, controlling gene 
expression. 4. Membrane ER action – estrogens can bind to ERs located at the cell 
membrane, triggering the activation of protein-kinase cascades, that will end with the 
phosphorilation of transcription factors that bind to their own response elements in 
genome, thereby controlling gene expression.  




















Estrogen receptors can also regulate gene expression by non-classical mechanisms144     
(Figure 1.8), the so-called nongenomic-to-genomic pathways, through interaction of the 
receptors with transcription factors which in turn bind to their own response elements in  
DNA144-146. Also, ERs can activate protein-kinases that activate transcription factors, thereby 
influencing gene expression147. These pathways are sometimes initiated in the plasma 
membrane, which has sparked the debate about the localization of classical ERs to the plasma 
membrane versus existence of novel ER forms which are specifically membrane-bound148-150. 
Also, a transmembrane G-protein coupled receptor (GPR30) has been shown to be able to 
mediate estrogen signalling151, however the true contribution of this receptor to estrogenic 
signalling has been questioned (reviewed by 152). There are also evidences indicating that ERs, 
like AR, can have ligand-independent transcriptional activity153,154 (for an extensive review on 
this subject read 155).  
Non-genomic ER actions are faster since they do not involve the activation of RNA 
transcription or translation into protein, which is a common feature among steroid 
receptors149,156,157. They usually involve the activation of protein-kinase cascades158-160, 
mobilization of intracellular Ca2+ 161,162, increase in cAMP concentration163, modulation of 
nitric oxide release162, amongst other effects. Some of the non-genomic estrogenic actions 
occur through membrane-bound ERs, as shown also by the use of membrane-impermeant 
forms of estrogens164,165. It is interesting to note that the opposite actions of ERα and ERβ are 
also recognisable in these non-genomic effects, for example whereas ERβ activates c-Jun N-
terminal kinase, ERα inhibits its activation149. 
Role of estrogens/estrogen receptors in male reproduction 
Although classically viewed as “female hormones”, the first evidence of the presence of 
estrogens in male gonad was known in 1934166. In recent times the importance of estrogens to 
males as been stressed by many studies regarding male-specific physiological functions, such 
as spermatogenesis (for review see 167 and 168). In testes, E2 is produced through the 
aromatization of T mostly in LC, but also several different germ cells, and even spermatozoa 
have been shown to contain active aromatase169-172. Intratesticular E2 reaches levels that can 
be up to 100-400x higher than the serum levels173-175. Estrogens act in a negative feedback 
fashion in the hypothalamus and pituitary, regulating the secretion of GnRH and FSH, 
respectively (Figure 1.4).  
The localization of ERα and ERβ in testis has been matter of much debate. In rodents, ERα 
seems to be expressed by LC176-178 and peritubular myoid cells179, although expression in some 
germ cells has also been described176. On the other hand, ERβ has been localized to LC179,180, 
SC176,179,181,182, peritubular myoid cells179,180, and some germ cells179-181. In humans, the 
controversy surrounding ERα and ERβ testicular localization is even greater. Some authors 
have localized ERα to LC183,184, SC184, and some germ cells185-189. Espression of ERβ was 
detected in LC183,190, SC183,190, peritubular myoid cells190, and some germ cells185,187-189,191,192. 




















Some authors have not detected ERα expression in human testis190-192 which, together with 
data from immunolocalization studies in rodent testis, led to the idea that ERβ is the main 
mediator of estrogenic action in the testis. However, data from ER mutations and KO animals 
does not corroborate this theory. 
Contrarily to AR, whose defects cause dramatic consequences to male phenotype and 
fertility, very little is known of the effect of defective estrogenic action in humans. There is 
only one disruptive mutation of ERα known in humans193. This man had normal male 
phenotype, however he presented with low sperm counts and decreased sperm viability193. 
Until now, there have been no reports of ERβ disruptive mutations in humans. There are few 
reports of men with disruptive mutations of aromatase gene, and therefore with an absence 
of endogenous estrogens, but not all of them had their reproductive parameters tested194-196. 
Although the reproductive phenotype varies slightly with the type of mutation, all of the 
aromatase-deficient men studied had normal male phenotype however, reproductive 
parameters showed impairment of fertility with decreased sperm motility194-196, 
oligozoospermia196, hypospermatogenesis and meiotic arrest195. The major contribution to the 
understanding of estrogenic action in male reproduction, and more importantly in 
spermatogenesis, came from the generation of KO mice for aromatase and both ERs. Table 
1.2 shows the reproductive phenotypes of some estrogen related KO mice. Initially, male 
mice lacking aromatase (ArKO) are fertile and phenotypically normal, which indicates that 
estrogens are not necessary for development of male phenotype197. However, they 
progressively develop disruption of spermatogenesis198. Also, inclusion of phytoestrogens in 
the diet of these animals partially prevented disruption of spermatogenesis, which indicated a 
potentially important role for exogenous estrogens in the regulation of male fertility199. The 
non-requirement of estrogen action for normal male phenotype is confirmed by the 
development of KO mice for ERα, ERβ, or both, which show normal male reproductive tract200-
204. The absence of ERβ does not cause changes in male fertility202,203, in contrary to ERα 
lacking animals, in which a reduced sperm count can be observed200,201. However, these 
animals present progressive disruption of spermatogenesis, which was explained as a result of 
defective fluid resorption in the efferent tubules, causing SeT atropy due to fluid back 
pressure205. 
There has been increased attention given to the effects of estrogens in male reproduction in 
the past two decades because of the reports that exposure to environmental contaminants 
with estrogenic activity may have deleterious effects on male reproductive development and 
may be causing a decline in male fertility206-208. Although the issue is controversial, there is 
evidence that excessive estrogenic exposure can lead to disturbances of spermatogenesis, 
mainly through disruption of the balance between germ cell survival and death209-212. There 
are many studies relating estrogens to apoptosis in testis and identifying E2 as a germ cell 
survival factor185,213, highlighting the importance of estrogens to male fertility. The disruption 
of spermatogenesis in the ArKO mouse has been attributed to increased germ cell apoptosis 




















due to absence of E2
198. Therefore estrogens are thought to play a role in the delicate balance 
governing cell survival and death in the testis.  
Table 1.2 Knockout mice for the study of estrogen action in spermatogenesis and male fertility 
Animal Type 
Male phenotype 
(compared to WT) 








Initially fertile, develop 
progressive infertility due to 












Reduced sperm count, 




Complete  ERβ 
deficiency 









Normal Similar to αERKO 204 
Legend: ERα, estrogen receptor α; ERβ, estrogen receptorβ; KO, knockout; WT, wild type. 
Although supportive and valuable evidences allow recognizing that estrogens have an 
important role in the regulation of spermatogenesis, there are gaps concerning the regulatory 
pathways involved in the testicular estrogenic functions. For instance, the cellular expression 
patterns of ERα and ERβ in human testis are not clearly defined, and the role of ERα in 
spermatogenesis remains to be clarified. On the other hand, the nature of estrogenic actions 
in testis, wether genomic or non-genomic, is slowly being uncovered. Regulation of kinase 
intracellular signalling pathways by estrogens has been described in testis188,214,215. Few 
studies have aimed at identifying  genes regulated by estrogens in testis216-219, and for most of 
the identified targets their roles in male fertility and the expression patterns within the testis 
remain unstudied218,219. Also, the administration of endocrine disruptors acting through ERs, 
which have been pointed as one of the reasons for the decline in human fertility, have been 
shown to alter testicular gene expression patterns207,220,221, highlighting the importance of 
genomic estrogen action in the regulation of spermatogenesis. Therefore, it is important to 
know the targets of estrogenic action in order to better understand the regulation of 
spermatogenesis by this class of hormones. 
Androgens and Androgen Receptor 
Androgens have been classically viewed as predominantly “male hormones”. Androgens are 
responsible for initiation and maintenance of spermatogenesis, maintenance of male 
phenotype, among other physiological effects in the male222. Testosterone, the most 
important androgen, is mainly synthesized in LC from cholesterol (Figure 1.2) in response to 




















stimulation by LH. Synthesized T can be secreted into circulation, metabolized into a more 
potent androgen DHT, or converted into E2 by aromatization (Figure 1.2).  
Androgens classically exert most of their actions by binding to their cognate nuclear receptor, 
AR (Table 1.1, Figure 1.5), which is expressed in androgen-target tissues such as the male 
reproductive tract, skin, and muscle, amongst others10,223,224. Moreover, AR has also been 
shown to play a part in the development of several cancer types, most notably prostate 
cancer225-229. Variations in androgenic action causes a wide array of consequences, which 
range from mild spermatogenic defects230,231 to the severe complete androgen insensitivity 
syndrome (or testicular feminizing syndrome), which causes development of female 
phenotype in individuals with XY karyotype232. 
The AR gene and protein 
The AR gene is located on the X-chromosome233-235. It is composed of eight exons and the 
mRNA codes for a protein with approximately 919 amino acids and 110kDa in humans, 
although precise length varies individually due to the existence of two variable polyglutamine 
and polyglycine stretches encoded by exon 1 (see section Variations on the AR gene and 
protein consequences)233. The human AR gene contains a TATA-less promoter236. The AR gene 
is itself androgen-regulated237,238, and although there are no studies describing the existence 
of ARE in its promoter, an androgen regulated region containing AREs has been identified in 
its coding region116 which is common within SR113,117. Although only one gene encoding a 
receptor for androgens has been found in mammals, Japanese eel (Anguilla japonica) has 
been demonstrated to have two ARs, eAR1 and eAR2, encoded by distinct  genes239. However, 
the existence of two protein forms for AR in humans has been hypothesized due to the 
presence of a second immunoreactive band with ≈87kDa in western blots (WB) detecting AR 
protein240. This AR isoform (AR-A) is shorter than the prototype protein (AR-B), and apparently 
results from initiation of translation of the same transcript at an internal methionine residue 
(Met188)240, therefore differing only on the N-terminal portion of the protein. Another 
explanation is that the AR-A form results from in vitro proteolysis241. Experimental studies 
have found functional differences between the two potential isoforms, which seems to 
indicate these two forms have physiological significance242,243. Nevertheless whether the two 
forms are simply an experimental artefact or represent truly functional distinct forms of AR 
remains to be fully determined.  
Much like other members of the NR superfamily, AR protein has three fundamental structural 
domains (Figure 1.5, Figure 1.9): NTD (encoded mostly by exon 1), DBD (encoded mainly by 
exons 2 and 3) and LBD (encoded by part of exon 4, and exons 5, 6, 7, and 8). The NTD 
contains the transactivation domain AF1, considered to be the major activation domain for 
AR244,245. Similarly to other NRs, the DBD of AR consists of two Zn-fingers, which mediate the 
interaction between the receptor protein and its response elements in the genome246. The 
hinge region, a flexible linker connecting the DBD to the LBD and containing the nuclear 




















localization signal247, is encoded by part of exon 4. The LBD also shares structural features 
with other NRs. It is constituted by eleven α-helixes, which form a ligand-binding pocket248 
and contains the transactivation function AF2, which is only complete and active upon ligand-
binding93,119. The LBD not only interacts with AR agonists but also antagonists249. 
 
Figure 1.9 Structural organization of the AR gene (up) and protein (down). Exons are indicated by 
numbers. ATG and Stop show the localization of the initiation of translation and stop codon, 
respectively. A/B region represents the amino-terminal domain, C is the DNA-binding 
domain (two black dots show localization of zinc-fingers), D is the hinge region and E 
contains the ligand-binding domain233,250 
Variations on the AR gene and protein consequences 
The exon 1 of the AR gene contains two polymorphic regions, with variable numbers of 
trinucleotides CAG [(CAG)n] and GGN [(GGT)3GGG(GGT)2GGCn], encoding for a polyglutamine 
and polyglycine tract, respectively233. Longer polyglutamine tracts, even within normal range 
(9-36), are associated with lower transactivation activity251,252. Different numbers of GGN 
repeats have also been shown to have impact in the transactivation activity of AR, and a 
lower number of repeats is associated with stronger AR activity253-255.  
Similarly to other steroid receptors, several AR variants resulting from alternative splicing of 
the AR gene have been described. Most of them were detected in cancer tissues and cell 
lines, most notably hormone-refractory prostate cancer. Only one AR splice variant was 






























Table 1.3 Published AR mRNA splice variants 
Splice variant Features Splicing mechanism Tissues/cells expressing 
ARΔ3 257  Exon deletion 
Breast cancer tissues 
and breast cancer cell 
lines: T47D, ZR-75-1, 
BT-20, MCF-7, BT-474, 
MDA-MB-231.  
AR45 256  
Alternative use of 
exons 
T, K, L, U, P, Lg, Tr, M, 
B, H 
AR23 258  
Alternative 3‟ 
splice site 
LnCaP cell line 
AREx3dup* 259 
Results in longer protein, 
containing 3 Zn fingers. 
Exon duplication 22Rv1 PCa cell line. 
AREx1/2/2b* 259 Truncated protein  
Splicing of intronic 
cryptic exons 
22Rv1 PCa cell line. 
AREx1/2/3/2b* 259 Truncated protein 
Splicing of intronic 
cryptic exons 
22Rv1 PCa cell line. 
AR-V1, AR-V2, AR-V3, AR-
V4, AR-V5, AR-V6, AR-V7 
260 
Truncated proteins 





CWR22Rv1 cell line 
AR3 261 
Truncated proteins 
Splicing of intronic 
cryptic exons 
LNCaP and LNCaP 
derivatives C-81, C4-2 
and C4-2b, CWR-R1, 
22Rv1. Benign and 
malignant prostate 
tissues  
AR4 261 CWR-R1 
AR5 261 
Splicing of intronic 
cryptic exons, exon 
duplication 
CWR-R1 
* Expressed together; T, testis; K, kidney; L, liver; U, uterus; P, prostate; Lg, lung; Tr, 
trachea; M, muscle; B, breast; H, heart. 
Mechanisms of androgen action 
The classical mechanism of androgen action through AR involves a series of events initiated by 
androgen binding to a pocket on the LBD of AR, ultimately ending in its translocation to the 
nucleus, dimerization, recruitment of coregulators, and control of target-gene expression262. 
Ligand-binding causes a series of conformational changes that leads the release of the 
receptor from various chaperone proteins263, phosphorylation by various kinases264, and 
enables the translocation of androgen-bound AR to the nucleus265. Androgen receptor 
activation is therefore regulated by phosphorylation, which occurs both when ligand is 
present as well as in its absence264,266 as it has been shown that phosphorylation causes 
ligand-independent activation of AR267. After entering the nucleus, AR dimers268 will bind to 
androgen response elements (ARE) in regulatory regions of target genes269,270 (Figure 1.10). 




















The first Zn-finger of each AR protein will interact with one half-site of the ARE, while the 
second Zn-finger will be involved, through the D-box, in receptor dimerization271. At this 
point, there will be recruitment of co-factors (co-activators or co-repressors)272, and assembly 
of the transduction machinery273, ultimately regulating the expression of target genes.  
 
Figure 1.10 Classical mechanism of androgen action for the regulation of gene expression. 
Classical androgen receptor action involves androgen binding to androgen receptor, 
release of chaperone heat-shock proteins (HSP), conformational change, translocation to 
nucleus, binding to androgen response elements (ARE), followed by assembly of 
transcriptional machinery and transcription. NTD – aminoterminal domain; DBD – DNA 
binding domain; LBD – ligand binding domain, RNA P II - RNA polymerase II. 
Androgen receptor binds to AREs that display the consensus motif common for steroid 
receptors (except ERs), AGAACA organized in palindromic repeats, with a 3 bp variable 
spacer88,269. However, AR can also bind to other type of response elements, known as specific 
AREs, which are organized as direct repeats of the consensus sequence rather than 
palindromic repeats88,274. 
Besides the classical genomic actions of androgens, AR also plays a part in other types of 
mechanisms. These are usually called non-genomic androgen actions, however this is a 
somewhat broad classification, as some of these non-genomic effects lead to changes in gene 
expression, and there is always possibility of action overlapping. Androgen-bound/activated 
AR can control gene expression without interacting with DNA, in a sort of “non-genomic to 
genomic” pathway275. This justifies why some genes whose expression is controlled by 
androgens do not have an ARE in their regulatory regions. Androgen receptor can interact 
with and activate other transcription factors, such as AP1, which can in turn bind to their own 
response elements on the regulatory regions of target genes, thereby regulating their 
expression276,277. Androgen receptor can also mediate truly non-genomic actions278. These are 
faster than genomic ones, as they do not depend upon transcription and translation 
mechanisms. They typically include events such as rises in intracellular Ca2+ concentration 





















279,280 and activation of intracellular transduction pathways281,282. Also, this type of 
action sometimes originates in the cell membrane, and can be induced even by androgens 
that have been rendered impossible to enter the cell (e.g. BSA-bound T) or in the absence of 
functional AR283,284. 
Role of androgens/androgen receptors in male reproduction 
Androgens are not only essential for the development of male phenotype, they are also 
pivotal for the initiation and maintenance of spermatogenesis285,286. However, the precise 
functions of T on the regulation of spermatogenesis are not completely understood. 
Androgens are thought to act on spermatogenesis exclusively through the somatic cells of the 
testis, most notably SC, as most reports describe the localization of AR protein to be confined 
to these cell types of the testis10,11,287,288. Nevertheless there are reports describing the 
localization of AR to germ cells12,178,223,289. More recently, several authors have detected the 
presence of AR by in human sperm189,282,290.  
In humans, androgen secretion by LC is high until 3-6 months after birth, and then decreases 
and remains low until the onset of puberty291,292. Under the influence of LH, LC maturate and 
start secreting androgens, which causes the intratesticular androgen levels to rise stimulating 
the maturation of SC and the initiation of full adult spermatogenesis292. During fetal life, AR 
immunoexpression can be observed in the nucleus of LC and peritubular myoid cells, while SC 
remain AR-negative during fetal and early post-natal life293,294. While in rodents the 
expression of AR in SC increases from birth295,296, along with a decrease in the secretion of 
AMH296, in humans there is a longer period of latency (corresponding to infancy) when SC 
show very low AR expression294,297. Sertoli cell AR expression starts to increase between 4-8 
years of age, and from 9-14 years of age all SC start to express AR297, indicating the onset of 
puberty, the increase in intratesticular androgen levels and the initiation of spermatogenesis.  
Inside SeT, T can achieve concentrations that are 50 to 100 times higher than in      
circulation32,298-300. Although the need for such high concentrations remains unknown it has 
been shown that reduced intratesticular T may cause apoptosis of testicular germ cells301. 
Apoptosis of testicular germ cells is controlled by androgens302-304. Testosterone inhibits 
apoptosis in adult human SeT culture in vitro305. Also, withdrawal of intratesticular T in rats 
causes defects in the progression of spermatogenic cells through later stages of 
spermatogenesis and spermiogenesis306-310.  
Defects in androgen actions have been shown to play a role in male infertility286,311. Notably, 
alterations in AR gene lead to a wide array of consequences, including male infertility, 
prostate cancer, spinal and bulbar muscular atrophy, and androgen insensitivity syndrome312-
314. In both rodents and humans, null mutations in the AR gene cause complete androgen 
insensitivity syndrome, which is characterized by pseudohermaphroditism and sterility in 
46,XY individuals232,312,314. An overwhelming number of mutations in the AR have been 




















described (organized in a monthly updated AR gene mutation database accessible through: 
http://androgendb.mcgill.ca/), causing a wide array of phenotypes315. Defects in androgen 
action through AR rather than altered androgen serum levels have been related to altered 
spermatogenesis316. Several mutations in the AR have been detected in patients with 
impairment of spermatogenesis (for example317-322). The importance of correct AR activity for 
male fertility has also been demonstrated by the development of full and cell-specific 
knockout mice. Table 1.4 shows the reproductive phenotype of some of the most important 
AR knockout mice, showing the importance of AR in distinct cell types of the testis. The 
analysis of these animals has highlighted the importance of AR function to the development of 
normal male phenotype and spermatogenesis. The importance of AR presence in testis, 
mainly in somatic SC and LC, has also been confirmed, and the inactivation of AR function in 
these two cell types causes disruption of spermatogenesis. 
Table 1.4 Main knockout mice for the study of AR in spermatogenesis and male fertility 
Animal Type 
Male phenotype 
(compared to WT) 






















S-AR-/y SC specific 





SCARKO SC specific 



















G-AR-/y Germ cell specific Normal Normal 16 
L-AR-/y LC specific 






Legend: AR, androgen receptor; KO, knockout; LC, Leydig cell; SC, Sertoli cell; WT, wild type 
Other variations in AR which are thought to contribute to male infertility are variations in the 
number of polymorphic repeats in exon 1 of the AR gene, CAG and GGN. It has been suggested 
that the size of CAG tract is inversely correlated with the transcriptional activity of AR 
protein251,252. This can have a physiological impact in a number of androgen-regulated events 
and organs. For instance, a negative correlation between the number of CAG and GGN 
repeats and prostate cancer risk has been suggested327,328. Also, the enlarged polyglutamine 
tract may also cause accumulation of toxic aggregates which may lead to spinal and bulbar 
muscular atrophy (over 40 repeats), a neurodegenerative disease affecting exclusively males 
which is accompanied by reproductive abnormalities329,330. Several studies have also 
correlated higher number of CAG repeats, albeit within the normal range, with male 




















infertility331-338. Higher number of repeats has even been associated with lower sperm 
counts339 and teratozoospermia340. However, other studies found no association between CAG 
and male infertility and impaired spermatogenesis341-349. The contradicting results of the 
several studies have been attributed to several factors, including ethnicity and 
inconsistencies in inclusion criteria230,342. A meta-analysis has suggested that variations in 
exon 1 CAG repeat may indeed be related to infertility in otherwise healthy men230. Men with 
higher number of CAG repeats usually have raised serum T levels350,351, which may 
compensate for lower AR activity. However, longer polyglutamine tracts have also been 
associated with higher E2 levels which raised the hypothesis that the disruptive effects of this 
polymorphism on spermatogenesis can be attributed to differences in estrogen rather than 
androgen action350. 
All the effects of androgens on spermatogenesis are mediated by the AR. Some effects might 
be due to non-genomic pathways352, such as the increase in Ca2+ concentration and the 
phosphorilation of kinases in SC279,353,354. These effects are also caused by FSH action, and 
therefore represent a synergistic way by which both FSH and androgens sustain and regulate 
spermatogenesis355. However, spermatogenesis can be maintained in the absence of FSH, 
provided testosterone is maintained at normal levels, while the opposite is not true. This is 
because of the androgen regulation of target gene expression, essential for the maintenance 
of spermatogenesis355. Both complete and SC-specific ablation of the AR gene in mice, which 
cause disruption of spermatogenesis (Table 1.4), affect the expression profile of many 
genes356,357. Also, the decrease in testicular androgen concentration caused by an over-
expression of ABP, causes a profound effect on the expression of androgen-target genes358. 
Interestingly, most of the androgen regulated genes in testis were not found to have an ARE 
in their regulatory regions356,359,360.  
Although the identification of androgen targets on mammalian spermatogenesis is increasing 
rapidly, research in this area is important in order to understand the full spectrum of 
androgenic regulation of spermatogenesis. It might also provide clues to understand the 
causes of idiopathic male infertility, which causes 40-60% of all cases in male-factor 
infertility361. 
Aim and Outline of the Thesis 
The importance of androgens to the successful occurrence of spermatogenesis is well 
established. Also several kinds of evidence have highlighted the role of estrogens in 
spermatogenic process. However, the mechanism by which these hormones and their 
receptors regulate spermatogenesis is yet to be completely established. The expression of AR 
in somatic testicular cells and its absence from the germ cell line is widely accepted. 
However, the expression of ERs in human testis is still a matter of much debate, as it is not 
clearly defined whether estrogens exert their effects through ERα, ERβ or both. On the other 




















hand, the existence of several splice variants for ERα and ERβ, with a potential role in the 
regulation of spermatogenesis has been described. However, little is known about 
alternatively spliced AR forms in testis. Furthermore, deepening the knowledge of estrogen 
and androgen target genes in the testis will help to define the actions these hormones carry 
out in testicular physiology and spermatogenesis.  The aim of this thesis was to study the 
expression and localization of ERα and ERβ in human testis, to analyse the existence of 
possible alternatively spliced variants of AR in testis, and to identify new estrogen and 
androgen target genes in testis and explore their putative function in spermatogenesis. 
Therefore, in order to fill these objectives the thesis was structured into the following 
chapters:  
Chapter 2 – describes ERα and ERβ expression and localization in human testicular biopsies by 
reverse-transcription polymerase chain reaction (RT-PCR) and/or immunohistochemistry. 
Chapter 3 – identifies AR splice variants in human testis and characterizes their expression in 
other tissues. The presence of these transcripts in testis along the vertebrate evolutive line is 
also evaluated, as well as their potential functional importance. 
Chapter 4 –Using a suppressive subtractive hybridization strategy aimed at screening for novel 
estrogen targets in mammalian testis, we have identified Aven as an estrogen up-regulated 
gene in rat seminiferous tubules (SeT). Aven is an apoptosis inhibitor and modulator of DNA 
damage response. In this chapter we decided to characterize the expression of Aven in rat 
and human testis. The regulation of Aven expression by E2 was confirmed in rat SeT cultured 
ex vivo, and its expression was evaluated by quantitative RT-PCR (qPCR) and WB. Also, the 
localization of Aven in rat and human testis was characterized by immunohistochemistry 
(IHC). In addition, the expression levels of Aven were studied in testis of men with different 
spermatogenic status and a correlation was established. 
Chapter 5 – Regucalcin (RGN), a Ca2+-binding protein which regulates intracellular Ca2+ 
homeostasis as well as cell apoptosis and proliferation, has been identified as a sex steroid 
regulated gene in rat reproductive organs such as breast and prostate. This chapter 
characterizes the regulation of RGN expression by DHT in rat SeT culture ex vivo identifying 
RGN as a new androgen target gene in male reproductive tract. The expression and/or 
localization of RGN in testicular cell types was evaluated by RT-PCR, WB, in situ 
hybridization, IHC, and qPCR. 
Chapter 6 – reviews several aspects of RGN biology, with a special focus on its roles in male 
reproduction. 
Chapter 7 – contains an integrative view of the results presented in the thesis and discusses 
the potential of these findings, with a special focus on the regulation of germ cell apoptosis. 
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Currently, clinical and experimental evidence point to an essential role of estrogens and 
estrogen receptors in male fertility. The expression of estrogen receptor α (ERα) and β (ERβ) 
in human testis has been described. However, some studies were unable to detect ERα, while 
others report the expression of both isoforms, with ERβ presenting a wide distribution within 
somatic and germinal testicular cells. This has suggested that estrogens may exert their 
testicular effects exclusively through ERβ. The present work aims to study the expression of 
ERα and ERβ in testicular biopsies of men with conserved and disrupted spermatogenesis, in 
order to better clarify the positive cell populations. Human testicular tissue was obtained 
from 10 men undergoing testicular biopsy for infertility relief due to azoospermia: two 
patients had secondary obstructive azoospermia with conserved spermatogenesis, five had 
Sertoli cellonly syndrome, two had hypospermatogenesis and one had meiotic arrest. Reverse-
transcription polymerase chain reaction (RT-PCR) allowed the detection of both ERα and ERβ 
mRNAs in all samples. Immunohistochemistry revealed that ERα was present in Leydig cells, 
Sertoli cells, spermatogonia, spermatocytes, round spermatids and elongated 
spermatids/spermatozoa, while ERβ was present in the same cell types except spermatogonia 
and Sertoli cells. This study demonstrates ERa mRNA expression in human testis and describes 
its localization in somatic and germ cell subtypes. These findings suggest that both ER 
isoforms are involved in the control of testicular function.  
Introduction 
Estrogens and estrogen receptors (ERs) may play an important role in male fertility, as shown 
by presentations of inactivation of estrogen receptor  (ER ) and decreased sperm      
viability193, patients with aromatase deficiency, which have altered testicular size, 
oligozoospermia and reduced sperm motility195,196, and the relationship between ERs 
polymorphisms, male fertility and sperm output362-365. At the moment evidence is 
accumulating pointing towards a direct or indirect role of estrogens in the regulation of 
Leydig, Sertoli and germ cells development and function (see reviews of 168,366,367 and 
references therein).  
The biological actions of estrogens are exerted by their interaction with ER subtypes  (ER ) 
and  (ER ), and few studies aimed to determine their presence and location in the human 
testicular tissue have been undertaken. Some studies have shown ER  protein expression in 
Leydig cells183, Leydig and Sertoli cells184, spermatocytes185, spermatids and  
spermatozoa186,187, or in spermatozoa188,189. However, others were unable to detect ER , 
which led to the idea that estrogens exert their testicular effects exclusively through ER 190-
192. The expression of the ER  protein has always been detected in human testicular tissue, 
albeit also without concordant results. ER  was immunolocalized to Leydig and Sertoli      




















































cells183, Leydig, myoid peritubular and Sertoli cells as well as spermatogonia190, Sertoli cells, 
spermatogonia, spermatocytes and spermatids191, spermatogonia, spermatocytes and 
spermatids192, spermatocytes and spermatids185, spermatids and spermatozoa187, or in 
spermatozoa188,189. 
Although the cellular distribution of ER  and ER  in the human testicular tissue has been 
described, the results were not concordant for the same type of cells under analysis and the 
presence of ER  has been questioned. The aim of the present study was to characterize the 
expression of ER  and ER  in human testicular biopsies from azoospermic patients showing 
distinct germ cell populations in order to better clarify the positive cell populations.  
Materials and Methods 
Tissues 
Human testicular tissue was obtained from 10 infertile men aged 29-48 years old, with normal 
karyotypes, undergoing a treatment testicular biopsy due to azoospermia368. Two patients had 
obstructive azoospermia due to inflammatory epididymal obstruction, with conserved 
spermatogenesis, five had Sertoli cell-only syndrome, two had hypospermatogenesis and one 
had meiotic arrest at the primary spermatocyte stage. All patients gave their informed 
consent and the study was approved by the local ethical committee. Tissue samples were 
immediately frozen in liquid nitrogen after collection and stored at -80 C for RNA extraction, 
or fixed in 4% buffered formalin at 4 C for 24 hours and embedded in paraffin for 
immunohistochemistry.  
RT-PCR 
Total RNA was extracted from testicular samples using Tri Reagent (Sigma-Aldrich, St-Louis, 
Missouri, USA) according to the manufacturer‟s instructions. Quality of the extracted RNA was 
assessed by ethidium bromide stained agarose gel electrophoresis and 28S/18S ratio. One μg 
total RNA was reverse transcribed in a final volume of 20 μL with 200 U of M-MLV reverse 
transcriptase (Invitrogen, Carlsbad, USA) according to the protocol provided by the 
manufacturer, using 250 ng random hexamer primers (Invitrogen) and 0.5 mM each dNTP (GE 
Healthcare, Buckinghamshire, UK). Intron spanning primer sets were used for the 
amplification of ERα and ERβ cDNA fragments (Table 2.1). One μL of synthesized cDNA was 
amplified in a final volume of 50 μL, containing 1xPCR buffer (Promega, Wisconsin, USA), 1.5 
mM MgCl2, 0.2 mM each dNTP (GE Healthcare), 0.5 μM each primer (Metabion, Munich, 
Germany) and 1.25 U Taq DNA polymerase (Promega). For each set of PCR reactions a control 
was run in parallel with RNA not reverse transcribed instead of cDNA. Both the annealing 
temperature of the primers and the number of cycles required for the exponential phase of 
amplification of each fragment were optimized (Table 2.1). PCR reactions were carried out in 
triplicate and optical density values were determined using the BIO-1D 99.04 software 




















































(Vilber-Lourmat, France). Expression of ERα and ERβ was normalized using 18S as internal 
control. The identity of the obtained amplicons was confirmed by DNA sequencing using the 
Sanger‟s Method (Stabvida, Oeiras, Portugal).  
Table 2.1 Oligonucleotides and cycling conditions for PCR amplification of ERα and ERβ 
Gene Sequence (5‟-3‟) Amplicon size (bp) AT (ºC) C 
ERα 109 
Sense: AATTCAGATAATCGACGCCAG  
Anti-sense: GTGTTTCAACATTCTCCCTCCTC 
345 62 37 
ERβ 109 
Sense: TAGTGGTCCATCGCCAGTTAT  
Anti-sense: GGGAGCCACACTTCACCAT 




149 56 26 
AT: Annealing temperature; C: Number of cycles during the exponential phase of amplification. 
Antibodies 
The primary antibodies used were anti-ER  rabbit polyclonal antibody (MC-20: sc-542, Santa 
Cruz Biotechnology, Santa Cruz, USA) and anti-ER  rabbit polyclonal antibody (06-629, 
Upstate Biotechnology, Lake Placid, USA) diluted 1:100 and 1:50, respectively. The specificity 
of these antibodies detecting ER  and ER  proteins has been previously described in tissues 
known to express these receptors369,370. As secondary antibody against ER  and ER , a 
biotinylated goat anti-rabbit IgG antibody (Sigma-Aldrich) was used at a dilution of 1:20. 
Immunohistochemistry 
Briefly, 5μm paraffin sections of each testicular sample were deparaffinized and rehydrated 
in graded alcohols. Heat-induced antigen retrieval was performed in a 10 mM citric acid     
(pH 6.0) for 30 minutes, at 80-85°C. Endogenous peroxidase activity was blocked by 
incubating the sections with 3% H2O2 for 10 min. Sections were incubated overnight at 4°C 
with the primary antibody, diluted in phosphate buffered saline with 1% bovine serum 
albumin. Antibody binding was detected using ExtrAvidin Peroxidase staining kit (Sigma-
Aldrich) and 3,3‟-diaminobenzidine tetra-hydrocloride (Sigma-Aldrich) according to the 
manufacturer‟s instructions. After colour development, sections were slightly counterstained 
with hematoxylin, dehydrated and mounted using Entellan (Merck, Germany). The specificity 
of immunostaining was assessed by omission of the primary antibodies and usage of pre-
absorbed antibodies. Blocking peptides for ER  (sc-542P, Santa Cruz Biotechnology) and ER  
(YAEPQKSPWCEARSLEHT, synthesised by STAB VIDA) antibodies were added to working 
solutions at 100-fold excess primary antibody concentration. 





















































Both ER  and ER  mRNA are expressed in human testis 
RT-PCR analysis allowed the detection of both ER  and ER  mRNAs in all types of testicular 
samples from individuals presenting normal to disrupted spermatogenesis (Figure 2.1). 
genomic DNA amplification was excluded since primers were located in different exons, with 
the identity of the amplicons also being confirmed by sequencing. The expression of ER  
(except for samples 7 and 9) was relatively constant among samples within the same 
spermatogenic phenotype, while ER  expression was more variable as seen from the optical 
density values of normalized expression (Figure 2.1). In addition, the number of cycles 
necessary to reach the exponential phase of the amplification reaction for ER  was lower 
than that for ERβ (Table 2.1), which suggests a higher expression of ERα in human testis.  
 
Figure 2.1 Expression of ERα and ERβ mRNAs in human testicular tissues. Representative results of 
electrophoresis of PCR products are shown. Under each electrophoresis lane are indicated 
optical density values normalized to 18S (mean of triplicates). M, molecular weight marker 
(1 Kb Plus DNA ladder, Invitrogen); 1-2, samples from patients with secondary obstructive 
azoospermia (OAZ); 3-7, samples from patients with Sertoli cell-only syndrome (SCOS); 8-9, 
samples from patients with hypospermatogenesis (HP); 10, sample from patient with 
meiotic arrest (MA); N, negative control (cDNA not reverse transcribed). 
ER  is expressed in somatic and germ cells of human testis  
Positive staining for ER  (Figure 2.2, panels B, E, H and K) was detected in Sertoli and Leydig 
cells, and in all germ cell stages, spermatogonia, spermatocytes, round spermatids and 
elongated spermatids/spermatozoa regardless of spermatogenic phenotype. Negative controls 
obtained by pre-absorption or omission of the primary antibody showed complete absence of 
staining (Figure 2.2, panels A, D, G, J). 





















































Figure 2.2 Immunohistochemical localization of ERα adult human testis from patients with secondary 
obstructive azoospermia (OAZ), Sertoli cell-only syndrome (SCOS), hypospermatogenesis 
(HP) and meiotic arrest (MA). All samples displayed the same staining pattern for the same 
antibody. The immunohistochemical procedure was repeated at least twice for each sample 
and the representative results are shown. ERα was detected in Leydig cells (LC), Sertoli 
cells (SC), spermatogonia (SG), spermatocytes (ST), round spermatids (Sa), and elongated 
spermatids/spermatozoa (Sd) (B,E,H,K). Negative controls obtained by pre-absorption of the 
primary antibodies show complete absence of staining (A,D,G,J). Periodic-acid Schiff and 
hematoxylin staining was performed on the same tissue  for a better assessment of 
morphology and cell-type identification (C, F, I, L). Original magnification of each individual 
panel ×400. 
ER  is expressed in Leydig and germ cells of human testis but not in Sertoli 
cells 
ERβ immunoreactivity (Figure 2.3, panels B, E, H, K) was localized to Leydig cells, 
spermatocytes, round spermatids and elongated spermatids/spermatozoa, with no staining 
being detected in Sertoli cells and spermatogonia. Negative controls obtained by pre-
absorption or omission of the primary antibody showed the counterstain only (Figure 2.3, 
panels A, D, G, J). 





















































Figure 2.3 Immunohistochemical localization of ERβ in adult human testis from patients with secondary 
obstructive azoospermia (OAZ), Sertoli cell-only syndrome (SCOS), hypospermatogenesis (HP) 
and meiotic arrest (MA). The immunohistochemical procedure was repeated at least twice for 
each sample and the representative results are shown. ERβ was detected in Leydig cells, 
spermatocytes, round spermatids, and elongated spermatids/spermatozoa (B,E,H,K). Note the 
complete absence of intratubular ERβ immunostaining in the section displaying Sertoli cell-
only syndrome (E). Negative controls obtained by pre-absorption of the primary antibodies 
show complete absence of staining (A,D,G,J). Periodic-acid Schiff and hematoxylin staining 
was performed on the same tissue for a better assessment of morphology (C, F, I, L). Original 
magnification of each individual panel ×400. 
 
Figure 2.4 Alignment of human ERβ and ERβcx proteins (amino acids 1-175) showing the conserved 
sequence used as immunogen to produce the anti-ERβ antibody (shaded region). 
 





















































Some studies have already described the expression of ER  and ER  in human testis although 
they have yielded divergent results. Whereas others were not able to detect ER , ER  has 
been more extensively detected and presented a wide distribution within somatic and 
germinal testicular cells. This suggested ER  could be the major receptor involved in the 
estrogenic actions in human testis. 
In the present study, the expression of both ER  and ER  mRNAs and the localization of the 
corresponding proteins were studied in testicular biopsies of men with conserved 
spermatogenesis (secondary obstructive azoospermia) as well as in samples with 
hypospermatogenesis, meiotic arrest and Sertoli cell-only syndrome. All testicular samples 
analysed expressed ERs mRNA and protein regardless of the testicular phenotype. 
The ERα protein was detected in Leydig cells, Sertoli cells, spermatogonia, spermatocytes, 
round spermatids and elongated spermatids/spermatozoa. Previous reports have found no ERα 
immunostaining in human testis190,192, or staining confined to a few cell subtypes, including 
Leydig cells183, Leydig and Sertoli cells184, spermatocytes185 or spermatids/spermatozoa186,187. 
Our immunohistochemistry results were paralleled by RT-PCR analysis, which allowed the 
detection of ER  mRNA in all types of testicular samples. Although also using a RT-PCR 
strategy others have failed to detect ER  mRNA in human testicular biopsies191,192, in 
agreement with our findings similar results have been obtained by studying ER  mRNA 
expression in human testicular tissues186,371. In addition, the number of cycles necessary to 
reach the exponential phase of the amplification reaction for ER  was lower than that for 
ERβ, which suggests a higher expression of ERα in human testis. Thus, the present study 
demonstrates that ERα is present in somatic and germ cell subtypes of the human testicular 
tissue. To our knowledge this is the first report consistently demonstrating the expression of 
ER  mRNA and protein in human adult testicular biopsies of different phenotypes, which 
indicates that ER  also mediates estrogenic actions in the human testis. The report of a man 
with a disruptive mutation of ER  and reduced sperm viability193, and the association found 
between ER  polymorphisms and oligozoospermia364,365 further accentuates the role of this ER 
subtype in testicular physiology. 
The ER  protein was localized to the nuclei of Leydig cells, spermatocytes, round spermatids 
and elongated spermatids/spermatozoa, with use of different testicular phenotypes 
illustrating the absence of ER  staining in spermatogonia and Sertoli cells. Other reports 
described ERβ immunostaining in spermatids/spermatozoa187, spermatocytes and  
spermatids185, spermatogonia, spermatocytes and spermatids192, Sertoli cells, spermatogonia, 
spermatocytes and spermatids191, Leydig cells, Sertoli cells and spermatogonia190, Leydig cells 
and Sertoli cells183, or Leydig cells, Sertoli cells, spermatogonia, spermatocytes and 




















































spermatids184. The sequence of the synthetic peptide used to produce the anti-ER  antibody is 
identical in the ER cx variant127, as shown in Figure 2.4. Thus the results presented herein 
may also reflect the ER cx distribution. Saunder‟s group reported ER cx expression in Sertoli 
cells, spermatogonia and spermatocytes191. The inability to identify ER  mutations associated 
with human male infertility, and the fact that male ER  knockout mice are fertile202 does not 
clarify the role of ER  in spermatogenesis.  
The differences in the immunolocalization of ERs in human testis could be associated with the 
existence of several ER  and ER  isoforms372, and probably depends on different antibodies. 
Different patterns of ERs expression have been described in human testis by the use of 
different antibodies183,184,191,192. Discrepant results have also been described in 
rodents176,179,180,373, and Selva et al374 demonstrated that in the mouse testis the pattern of 
ER  immunostaining differs depending on the antibodies used. Differences being associated 
with methodological aspects cannot be ruled out, as discussed by Saunders et al190.  However, 
Lee et al.375 compared the ERs immunohistochemistry results for 420 breast cancer patients 
from seven different hospitals, and concluded that differences in fication or processing 
regimens did not have a significant adverse effect on the sensitivity of ER assessment. 
Our results describing the ER localization in human testis support the role of estrogens 
regulating Leydig, Sertoli and germ cells development and function.  Androgens synthesized 
by Leydig cells are absolutely necessary for initiation and maintenance of       
spermatogenesis285. Estrogen was shown to block Leydig cell regeneration376, and to control 
steroidogenesis in adult Leydig cells210 inhibiting androgen synthesis, which could have 
relevant consequences for male fertility (see366 for review). Sertoli cells support and nourish 
germ cells being essential for initiation of spermatogenesis and maintenance of the full 
spermatogenic potential of the adult (reviewed by377). Estrogen administration seems to alter 
Sertoli cells proliferation and activity, leading to permanent defects in reproductive function 
in adulthood (reviewed by 168). It is also worth noting the effects of estrogens on germ cells. 
Estrogen administration stimulates gonocyte proliferation378-380 and induces an increase of the 
number of spermatogonia type A in rat testis381. In human adult seminiferous tubules cultured 
in vitro 17β-estradiol (E2) acts as a germ cell survival factor
185. This observation is supported 
by a study in male monkeys treated with an aromatase inhibitor which displayed a decrease in 
germ cell number382. Very recently it was demonstrated that E stimulates DNA synthesis in rat 
spermatogonia, an effect also maintained by the dihydrotestosterone metabolite, 5 -
androstane-3 ,17 -diol via interaction with ER 383.  
In conclusion, the present study demonstrates the presence of ER  and describes the 
subcellular localization of ER  and ER  proteins in human adult testicular tissues. These 
findings suggest that both ERs are involved in the control of human spermatogenesis, 





3. IDENTIFICATION AND 
CHARACTERIZATION OF ANDROGEN 
RECEPTOR VARIANTS: TISSUE AND 
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Alternative splicing, the process by which a single gene originates several messenger RNA 
molecules and therefore several proteins, has been shown to be particularly prevalent in the 
testis. Many sex steroid hormone receptors are known to originate variants by alternative 
splicing. Some of these variants were shown to have functional importance and to regulate 
the activity of the wild type/prototype receptors. Particularly, several variant forms of 
estrogen receptors α and β have been described, and some were hypothesized to play a role 
in the regulation of spermatogenesis. However, little is known about the existence of splice 
variants of the androgen receptor (AR), a receptor that plays a pivotal role in the regulation 
of spermatogenesis. Although alternative splicing has been reported on the AR in pathological 
situations such as cancer and androgen insensitivity syndrome, only one AR splice variant, 
AR45, has been detected in normal tissues. The objective of this work is to search for novel 
AR forms originated by alternative splicing in human testis, to check for their presence in 
other human tissues, and also study their conservation along the vertebrate evolutive line 
(Cannis lupus, Rattus norvegicus, Sparus aurata, and Xenopus laevis). We have found four 
alternatively spliced ARs in human testis with full spermatogenesis, two of them (ARΔ2 and 
ARΔ3, with exon 2 or 3 deleted, respectively) were also expressed in other normal human 
tissues (liver, lung, kidney, and heart). In addition ARΔ2 was also expressed in Rattus 
norvegicus and Sparus aurata testis, while ARΔ3 was expressed in Xenopus laevis testis, 
indicating a potential functional importance for these two transcripts. In addition, another 
splice variant was detected in the testis of both Cannis lupus and Rattus norvegicus, ARΔ4, 
with a deletion of exon 4 of the AR gene. The results presented herein indicate that there are 
several AR splice variants expressed in testis, which may be implicated with the androgenic 
regulation of spermatogenesis. 
Introduction 
Alternative splicing is the process by which several distinct mRNAs can be originated from one 
single gene. Also, alternatively splicing events can be associated with pathological events, 
and can be originated by gene mutations near splice site junctions causing aberrant     
splicing384-386. Amongst steroid hormone receptors (SR), the existence of isoforms is very 
common, some of them originated by mechanisms of alternative splicing372. Estrogen 
receptors α and β genes (ERα and ERβ, respectively), for example, have been shown to 
originate alternatively spliced variants by several mechanisms including deletion or 
duplication of exons, and use of untranslated and/or intronic (i.e. exons located in regions 
thought to be introns) exons122,124,126,127,387-390. In contrast with the great volume of 
information regarding ER variants123,126,127,191,391,392, very little is known about alternative 
androgen receptor (AR) forms in testis. Alternatively spliced variants of the AR have been 



























































































related to breast and prostate cancers, and to androgen insensitivity257-259,261,393,394. However, 
a naturally occurring variant, AR45, has been described in several tissues, including testis256. 
Testis have been shown to be one of the tissues where alternative splicing is most     
abundant395,396. This probably happens because the testes are the site of a developmental 
process involving the division and differentiation of a great number of cells,   
spermatogenesis396. One of the most impressive examples of the importance of alternative 
splicing for spermatogenesis is the conversion of transcription factor cAMP-responsive 
element modulator (CREM) from antagonist in pre-meiotic cells into transcription activator, 
through the insertion of two glutamine-rich domain397. Several ER splice variants have been 
identified in testis, and some have been shown to play a role in the modulation of estrogen 
action123,124,126,127,191,389,392. Albeit being one of the principal androgen target tissues, to this 
date only one AR variant, AR45, had been detected in human testis256. 
The first identified AR alternative mRNA transcript was described in breast cancer       
samples257. This transcript was named ARΔ3 because it had a complete deletion of exon 3, 
which codes for the second zinc (Zn)-finger of the AR protein. In prostate cancer there is a 
growing search for alternatively spliced ARs, especially those lacking the LBD but retaining 
full DBD, which might be linked to androgen independency. Several transcripts of this type 
have been detected in the past few years and the first one to be described was detected in a 
relapsed CWR22 cell line, AREx2dup 394. It was recently found that other two AR variants, 
AR1/2/2b and AR1/2/3/2b, are expressed concomitantly with AREx2dup in the same cell line, both 
presenting a novel exon 2b259. Seven transcripts lacking LBD have been described, using four 
novel intronic cryptic exons, in hormone-refractory prostate cancer and are also thought to 
be responsible for androgen independency260. Another three novel AR variants (AR3, AR4 and 
AR5) lacking the ligand-binding domain (LBD) were detected in androgen independent 
prostate cancer cell lines and tissues261. In fact, the authors have shown that one of the 
transcripts was upregulated during cancer progression and its level was correlated with 
tumour   recurrence261. Still in prostate cancer another group has detected a rather unusual 
transcript in a sample from a patient with metastatic prostate cancer258. This transcript, 
AR23, retained part of intron 2 resulting in a new splice site located 69 nucleotides upstream 
of the classic site, resulting in an in-frame insertion of 23 amino acids between the two Zn-
fingers of AR protein. This insertion seems to impair the entry of this variant protein into the 
nucleus after hormone stimulation and cause the formation of cytoplasmic aggregates258.  
Materials and Methods 
Samples 
Human testicular tissue was obtained from two infertile men with normal karyotypes, 
undergoing treatment testicular biopsy due to obstructive azoospermia with conserved 
spermatogenesis368. Patients gave their informed consent and the study was approved by the 



























































































local ethical committee. Tissue samples were immediately frozen in liquid nitrogen after 
collection and stored at -80 C for RNA extraction.  
Commercial total RNA samples from human heart, kidney, liver, and lung were obtained from 
Clontech (Saint-Germain-en-Laye, France). 
Dog (Cannis lupus) testes were obtained from sterilization surgery at a veterinary clinic 
(Clínica Veterinária da Covilhã), African clawed frog (Xenopus laevis) testes and gilthead 
seabream (Sparus aurata) testis polyA+ RNA were obtained from CCMAR – Center of Marine 
Sciences, University of Algarve (Faro, Portugal). Tissues were collected and immediately 
frozen in liquid nitrogen, and stored at -80ºC for RNA extraction. Rat (Rattus norvegicus) 
testis total RNA (3 months old) was obtained from our animal facilities. 
RT-PCR 
Total RNA was extracted using Tri Reagent (Sigma-Aldrich, St-Louis, Missouri, USA) according 
to the manufacturer‟s instructions. Quality of the extracted RNA was assessed by ethidium 
bromide stained agarose gel electrophoresis and 28S/18S ratio. One μg total RNA was reverse 
transcribed in a final volume of 20 μL with 200 U of M-MLV reverse transcriptase (Invitrogen, 
Carlsbad, USA) according to the protocol provided by the manufacturer, using 250 ng random 
hexamer primers (Invitrogen) and 0.5 mM each dNTP (GE Healthcare, Buckinghamshire, UK). 
Previously published primer pairs suitable for the detection of human AR splice variants257, 
spanning one or more exons, were used (Table 3.1 and Table 3.2). One μL of synthesized 
human testis cDNA was amplified in a final volume of 50 μL, containing 1xPCR buffer 
(Invitrogen), 1.5 mM MgCl2, 0.2 mM each dNTP (GE Healthcare), 0.5 μM each primer 
(Metabion, Munich, Germany) and 1 U Platinum Taq DNA polymerase High Fidelity (Promega). 
For each set of PCR reactions a template-free control was run in parallel. Products were run 
in 1.5% agarose gels, and bands with lower than expected size were cut, purified (NucleoSpin 
Extract II, Macherey-Nagel, Germany), cloned into pGEM-T Easy vector (Promega), and 
sequenced using the Sanger‟s Method (Stabvida, Oeiras, Portugal). The reactions were 

































































































Table 3.1 Sequences of oligonucleotides used as primers for the detection of human AR alternative 
transcripts (number at each primer name indicates exon localization) 
Primer name Sequence (5‟-3‟) 
hAREx1Fwd GTCAAAAGCGAAATGGGCCCC 
hAREx4Fwd  ACTGAGGAGACAACCCAGAAG 






Table 3.2 Primer pairs used for amplification of human AR alternative transcripts 
Primer pair Amplicon size (bp) AT (ºC) C 
hAREx1Fwd x hAREx4Rv 422 
55 35 
hAREx1Fwd x hAREx5Rv 644 
hAREx4Fwd x hAREx7Rv 612 
hAREx4Fwd x hAREx8Rv 895 
hAREx6Fwd x hAREx8Rv 451 
AT: Annealing temperature; C: Number of cycles 
Primers spanning exons 2 to 4 of AR of different species were designed using Primer3 v0.4.0 
(available online in http://frodo.wi.mit.edu/primer3/; Table 3.3), in order to analyse the 
conservation of alternatively spliced AR forms detected in human cDNAs. RT-PCR reactions 
were carried out in a similar way as previously described for human cDNAs. Products were 
purified, cloned, and sequenced in a similar way. 
 



























































































Table 3.3 Primers designed for the detection of AR splice variants in different species 
























641 55 40 
 
Sequences were analysed using BioEdit v7.0.5.3 (available through 
http://www.mbio.ncsu.edu/bioedit/bioedit.html) and compared to AR sequences available in 
GeneBank (http://www.ncbi.nlm.nih.gov/genbank/) and Ensembl databases 
(http://www.ensembl.org/index.html; Table 3.4). Sequence of gilthead seabream AR has 
been provided by Prof. Sílvia Socorro (unpublished results). 
Table 3.4 AR sequences used for analysis of the RT-PCR amplified transcripts 
Species GeneBank AR accession number Ensembl AR accession number 
Homo sapiens NM_000044.2 ENSG00000169083 
Cannis lupus NM_001003053.1 ENSCAFG00000016656 
Rattus norvegicus NM_012502.1 ENSRNOG00000005639 
Xenopus laevis NM_001090884.1 ENSXETG00000005089 
 
Results and Discussion 
Several AR alternative transcripts are expressed in human testis 
Analysis of human testis cDNA by RT-PCR, using primers pairs hAREx1Fwd and hAREx4Rv (Table 
3.2), showed that samples expressed the prototype (wild-type) AR, as showed by the presence 
of the expected size band (Figure 3.1). However, there were also bands of smaller size 
(approximately 300bp) which could correspond to alternatively spliced AR variants (Figure 
3.1). After sequencing and analysis of obtained results, the smaller bands were identified as 
corresponding to three AR alternative forms. One had a complete deletion of exon 2, the 
second had a complete deletion of exon 3, and the third transcript also had a deletion of 



























































































exon 2 while retaining 69 nucleotides of intron 2, similarly to AR23 previously described in 
prostate cancer258, and was called AR55 due to the molecular weight of the predicted 
translated protein (Figure 3.1 and Figure 3.3).  
Exon 3-deleted AR has been described in patients with androgen insensitivity syndrome 
(AIS)398 and in breast cancer tissues and cells257. It lacks the second Zn-finger of AR, 
responsible for receptor orientation and interaction with DNA. It is also thought that the 
second Zn-finger has a role in the autoregulation of AR levels in vivo398. This Zn-finger 
includes the D-box, which is involved in DNA-dependent dimerization and its deletion may 
compromise receptor-DNA interaction and transactivation of target genes89,398,399. A variant 
with a similar deletion has been detected for ERα, which has a dominant negative activity on 
prototype ERα400. The deletion of exon 2 has also described previously in a patient with AIS, 
due to a mutation in a splice donor site401.  
 
Figure 3.1 Electrophoresis of PCR (primers hAREx1Fwd and hAREx4Rv) products, showing the presence 
of prototype AR, and also three potential splice variants. M, molecular weight marker; 
ARΔ2, exon 2 deleted AR; AR3, exon 2 deleted AR; AR55, exon 2 deleted with partial 
retention of intron2; -, template-free negative control. 
The same strategy was then used with primer pair hAREx1Fwd and hAREx5Rv in the same 
samples, which enabled the detection of not only prototype AR but also another potential 
splice variant, as shown by the lower-than-expected size band in electrophoresis (Figure 3.2). 
After sequencing, the variant was identified as containing an in-frame deletion of 120 
nucleotides in exon 4 of the AR. The variant was named AR94 due to the predicted molecular 
weight of the potential protein.  




























































































Figure 3.2 Electrophoresis of PCR (primers hAREx1Fwd and hAREx5Rv) products, showing the presence 
of prototype AR and a potential splice variants. M, molecular weight marker; ARΔ2, exon 2 
deleted AR; AR3, exon 2 deleted AR; AR55, exon 2 deleted with partial retention of introns 
2; -, template-free negative control. 
The sequence alteration in AR94 would result in a protein lacking part of the LBD, but 
retaining complete DBD. This may indicate that ligand-binding is compromised or altered. 
Changes and even deletion of the full LBD does not compromise transactivation and have 
been shown to play a role in androgen independency in prostate cancer402,403, and several 
naturally occurring alternatively spliced AR variants lacking LBD were detected in hormone-
refractory prostate cancer259,261,393. It is predictable that AR94 might be implicated in the 
ligand-independent activation of AR or in the regulation of prototype AR activity. An ERα 
variant lacking part of LBD has been shown to be capable of ligand-independent activity400,404-
406 and has been identified both as dominant negative regulator and an enhancer of prototype 
ERα404,405.  
Further details of the transcripts characteristics can be found in Table 3.5. The scheme of the 
structure of the PCR fragments obtained can be seen in Figure 3.3. 
 
Figure 3.3 Schematic representation of the structure of PCR products obtained with each primer pair 
(details in text), representing potential human androgen receptor (AR) splice variants. A. 
Full-length AR cDNA with localization of primer binding sites. B. PCR products obtained 
using the hAREx1Fwd and hAREx4Rv primer pair. C. PCR products obtained using the 
hAREx1Fwd and hAREx5Rv primer pair. AR, prototype AR; ARΔ2, exon 2 deleted AR; ARΔ3, 
exon 3 deleted AR; AR55, exon 2 deleted with partial retention of intron2; AR55, exon 2 
deleted with partial retention of introns 2; 



























































































AR alternative transcripts identified in the testis are expressed in several 
other human tissues 
Applying the same strategy used for human testis, the search for potential AR alternatively 
spliced variants was conducted in other tissues, namely L, Lg, K, and H. The transcripts 
resulting from exon skipping, namely ARΔ2 and ARΔ3, were detected in all tissues analysed. 
Details regarding these transcripts can be found in Table 3.5. 












AR∆2 Exon deletion 
Premature STOP codon that will lead to an incomplete AR 
protein with only the N-terminal domain (NTD). 
AR∆3 Exon deletion 
Lacks 2nd Zn2+ Finger. 
May be unable to orientate the receptor for DNA binding, 








Deletion of exon 2 and partial retention of intron 2, resulting 
in 23 amino acid insertion, a premature STOP codon and 





In-frame deletion of the last 120 nucleotides of exon 4 which 
will result in a protein with an incomplete LBD. 
 
While ARΔ2 and ERΔ3 were detected in all tissues studied, AR94 and AR55 were only found in 
human testis. These may be testis-specific transcripts, although a wider study should be 
undertaken to ascertain that. However, mechanistic studies would be necessary to assess the 
activity of these altered AR forms. The fact that ARΔ2 and ARΔ3 were amplificated from 
different tissues may be indicative that these variants have a functional importance. However 
ARΔ2 sequence variation introduces a premature stop codon and this might indicate that this 
variant can be targeted for non-sense mediated mRNA decay407. Nevertheless, the existence 
of truncated forms for other receptors has been described,  which dimerize with their 
respective prototype receptor and modulate their activity408. The presence or absence of 
ARΔ2 in other species may nevertheless indicate if it can have functional importance407,409.  
AR alternative transcripts identified in the testis are expressed in 
vertebrate evolutive line 
The same strategy used for the detection of potential AR splice variants in testis and other 
tissues, was applied to different species throughout the vertebrate evolutive line, namely two 
mammals, a carnivore (dog) and a rodent (rat), fish (gilthead seabream), and frog (African 
clawed frog). Using this method, and species-specific primer pairs indicated in Table 3.4, the 
testicular prototype AR for each species was detected, as well as several potential AR splice 
variants (Figure 3.4).  
 






























































































Figure 3.4 Schematic representation of the structure of PCR products obtained with each primer pair 
(details in Table 3.3), representing potential androgen receptor (AR) splice variants in testis 
of several vertebrate species. The left panel indicates the primer pair used to obtain the 
products depicted on the right panel. AR, prototype AR; ARΔ4, exon 4 deleted AR, ARΔ2, 
exon 2 deleted AR; ARΔ3, exon 3 deleted AR; Cl, Cannis lupus; Rn, Rattus norvegicus; Sa, 
Sparus aurata; Xl, Xenopus laevis. 
Three different variants were identified, all of them resulting from exon skipping. An AR 
variant lacking exon 2, ARΔ2, was identified in rat and seabream testis. This variant was also 
identified in human testis, as well as other human tissues (Table 3.5). The deletion of exon 2 
in all three species AR introduces a premature stop codon (Table 3.6), and if translated will 
result in a truncated protein consisting mainly of the NTD. This type of transcript generally is 
targeted to degradation by the mechanism of nonsense-mediated mRNA decay, however the 
fact that ARΔ2 is expressed in several human tissues and in more than one species is a 
consistent indication that it may skip the degradation pathway and have a functional 
role407,409,410. These truncated ARs may have a role in the regulation of AR action, although 
further studies are necessary in order to test this hypothesis. 
A variant lacking exon 3, ARΔ3, was detected in frog testis (Figure 3.4). The deletion is in 
frame and is predicted to result in a protein without the hinge region (Table 3.6). In several 
human tissues including testis an ARΔ3 was found, that would result in a protein without the 
second Zn-finger of the DBD. The differences found between the two species ARΔ3 represent 
only the sequence variability due to phylogenetic distance. The hinge region of AR is 
responsible for the flexibility of protein, enabling the interaction between NTD and LBD247. 



























































































Also, it contains the nuclear localization signal121, which allows AR to translocate into the 
nucleus. Deletion of this domain does not mean that the resulting protein is not functional, as 
not all AR functions depend upon nuclear localization and NTD/LBD interaction. This variant, 
if translated, would be expected to be involved in non-genomic actions and as a regulator of 
AR activity. In ERα there are two splice variants without the hinge region that have been 
found in several tissues and shown to be important regulators of receptor function411,412. 
A variant lacking exon 4 of AR (ARΔ4) was found in dog and rat testis. Although lacking the 
same exon, these transcripts have different characteristics, as the deletion in dog AR is in 
frame, while the deletion in rat AR causes a frame-shift that introduces a premature stop 
codon (Table 3.6). Dog ARΔ4, if translated, will result in a protein lacking part of the hinge 
region and part of LBD, including the nuclear localization signal. What was previously said for 
seabream ARΔ3 applies to dog ARΔ4, and this transcript is expected to be involved in non-
genomic actions as well as in the regulation of prototype AR, similarly to variants of          
ERα411,412. The rat ARΔ4 contains a stop codon that causes the protein to be truncated, while 
retaining the NTD and DBD. This might indicate that although this variant will be unable to 
bind androgens, it will still theoretically be able to bind DNA. However, it lacks the nuclear 
localization signal and therefore the mechanism by which it would be transported to the 
nucleus is unknown. Variants of AR lacking the LBD have been described and shown to have 
functional activity259,261,393,402,403. There is also the possibility that this variant might dimerize 
with the prototype AR and modulate its activity, as the DBD is also important for receptor 
dimerization89,398,399. 






































































































Testis AR∆4 Exon deletion 
In-frame deletion of exon 4.  
Will result in the absence of almost the entire 
hinge region and the first 47 amino acids of the 
LBD: 
 Translocation to the nucleus may be 
compromised; 
 May not be able to have interactions 
between NTD and LBD, which may lead to 
an unstable structure;  
 Binding to androgens may be compromised 
or altered.  
Rat Testis 
ARΔ2 Exon deletion 
Premature STOP codon may lead to truncated 
protein with only NTD. 
AR∆4 Exon deletion 
Premature STOP codon may lead to truncated 
protein without hinge region and LBD. Retains 
complete DNA-binding domain. 
Seabream Testis AR∆2 Exon deletion 
Premature STOP codon that will lead to an 
incomplete AR protein with only the NTD 
 
Frog 
testis ARΔ3 Exon deletion 
In-frame deletion of exon3, resulting in absence 
of hinge region. 
 
Conclusion 
Androgen receptor splice variants have been detected in several human tissues, especially in 
cases of prostate and breast cancer. Only one AR variant has been found in normal human 
tissue. Apart from that, there have been no studies characterizing AR alternative transcripts 
in normal tissues and along the vertebrate evolutive line. Through a RT-PCR based strategy 
with primer pairs spanning different exons, we have identified several potential AR 
alternative splice variants. In human testis we have identified four AR splice variants, two of 
them seem to be testis-specific, namely ARΔ2 and ARΔ3. Two other transcripts were found, 
AR55 and AR94, which were also detected in human L, Lg, K, and H. Some splice variants 
were conserved in testis tissue along the vertebrate evolutive line. ARΔ2 was expressed in rat 
and seabream testis, and ARΔ3 was present in frog testis. In addition, another exon-skipping 
AR variant, ARΔ4, was found in dog and rat testis.  
Sequence analysis and protein translation prediction allowed extrapolating about the 
potential function of the hypothetical proteins. However, the translation of these variants 
into protein has to be confirmed, and transactivation and functional studies will be needed to 
clarify their functional role. 
Nevertheless, the results presented herein are indicative of the existence of several 
alternatively spliced AR forms which may have a relevant role as regulators of androgenic 



























































































actions in testis. In addition, this study opens new lines of research to study the AR 
transcriptome in testis and other androgen-target tissues. Splice variants for the AR may play 
a role in the control of AR function, or have independent roles in androgenic signaling 
pathways. A deeper knowledge of these new ARs may open new lines of research and indicate 
provide novel targets in the treatment of idiopathic male infertility. 
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Structured Abstract  
Objective:  To study the expression and localization of Aven in rat and human testis from 
azoospermic patients with different etiologies, and its regulation by estrogens. 
Design: Experimental study. 
Setting: University research centre and private in vitro fertilization clinic. 
Patient(s): Six men with obstructive azoospermia, five with hypospermatogenesis, and six 
with Sertoli cell-only syndrome. Male Wistar rats. 
Intervention(s): Testicular biopsies. Rat seminiferous tubules (SeT) cultured in presence or 
absence of 17β-estradiol (E2). 
Main Outcome Mesure(s): Testicular cell localization of Aven protein was analysed by 
immunohistochemistry. Expression levels of Aven in testicular biopsies and cultured SeT, in 
presence or absence of 17β-estradiol (E2), were determined by quantitative reverse 
transcription-polymerase chain reaction and Western blot.   
Result(s): Aven is expressed in Sertoli cells, spermatocytes and spermatogonia of both rat and 
human testis. Aven is under-expressed in testis of men with non-obstructive azoospermia, and 
its expression levels correlate with severity of spermatogenic status. Aven expression is 
regulated by E2 in rat SeT cultured ex vivo.  
Conclusion(s): The results suggest that deregulation of the expression of apoptosis-inhibitor 
Aven may be related to male infertility. Moreover, Aven is an estrogen-target gene and may 
be involved in the mechanism of testicular apoptosis control by estrogens. 
Key Words: Aven, apoptosis, caspase inhibitor, 17 -estradiol, testis, seminiferous tubules, 
Sertoli cells, spermatogenesis 
Introduction 
Spermatogenesis is a complex process requiring a fine tuning between germ cell proliferation 
and apoptosis [reviewed in 413]. The importance of apoptosis in spermatogenic process was 
highlighted from studies in genetically modified animals, with loss- or gain-of-function of 
apoptosis regulator genes, showing impaired spermatogenesis and/or infertility414-418. In 
addition, apoptosis deregulation has been shown in the testis of infertile men with 
hypospermatogenesis or maturational arrest419,420, and the expression of several apoptosis-
related genes has been found to be altered in defective spermatogenesis421-424. 
Aven is an apoptosis inhibitor that acts by enhancing antiapoptotic Bcl-xL and inhibiting pro-
apoptotic Apaf1 self-assembly, thus inhibiting caspase activation and apoptosis425.  Recently, 































































































Aven mRNA expression was identified in human425 and mouse testis, but Vasa-homolog 
deficient mice, which display abnormal spermatogenesis, fail to express Aven426. However, 
the cellular localization of Aven protein in testis and the identification of the factors 
regulating its expression remain unknown. Using a suppressive subtractive hybridization 
strategy aimed at screening for novel estrogen targets in mammalian testis (data to be 
published elsewhere), we have identified Aven as an estrogen up-regulated gene in rat 
seminiferous tubules (SeT). 
Estrogens, such as 17β-estradiol (E2), have been suggested to be involved in the control of 
apoptosis in mammalian testis. Mice with disruption of aromatase (CYP19) gene, and 
consequent absence of E2, display impaired spermatogenesis due to increased germ cell 
apoptosis198. Moreover, several experiments have indicated that E2 may act as a germ cell 
survival factor185,213.  
In this study we describe Aven localization in human and rat testis. Also, we identify an 
under-expression of Aven in non-obstructive azoospermia cases, which is correlated with the 
severity of spermatogenic disorder. Moreover, we report that Aven expression is under E2 
control in rat SeT cultured ex vivo suggesting its action as a mediator in the estrogenic 
regulation of testicular cells apoptosis. 
The results indicate that Aven may have a relevant role in the control of testicular apoptosis 
as an estrogen-target gene, and changes in its mRNA levels appear to be associated with 
spermatogenic defect. 
Materials and Methods 
Reagents and chemicals 
All reagents were obtained from Sigma-Aldrich (Saint Louis, MO, USA) and all antibodies 
supplied by AbCam (Cambridge, UK) unless stated otherwise. 
Animals and tissues 
Male rats (Rattus Norvegicus) were housed, maintained and handled in compliance with the 
NIH guidelines and the rules for the care and handling of laboratory animals (Directive 
86/609/EEC). All rats were sacrificed under anesthesia (Clorketam1000, Vetoquinol, Lure, 
France). 
Human testicular samples were obtained under informed consent from men undergoing 
treatment testicular biopsy368 (aged 26-45 with normal kariotypes), according to the local 
ethical committee guidelines. Samples were histologicaly analysed and classified into the 
following groups according to spermatogenic status/modified Holstein‟s score (HS)427: 
obstructive azoospermia with conserved spermatogenesis (OAZ/HS=10, n=6), 
hypospermatogenesis (HP/HS=9-8, n=5), and Sertoli cell-only syndrome (SCOS/HS=2, n=6). 































































































Ex vivo culture of rat SeT 
Testes from 90 days old rats were removed, trimmed free of fat, washed in cold PBS and 
placed in DMEM-F12 culture medium at 33ºC. Tunica was cut and peeled back to expose 
tubules. Ten SeT fragments (~1cm each) and 2mL of culture medium were used per well 
(Nunclon D 12 well multidishes, Nunc, Denmark). Tubules were incubated with control 
medium (DMEM-F12 with 20mg/L gentamicin sulphate, 0.1mM 3-isobutyl-1-methylxanthine 
and 1mg/L BSA) alone or supplemented with 10-7M E2 and cultured for 6, 12, 24, and 48 hours. 
At the end of the experiment, tubules were recovered from medium, snap-frozen in liquid 
nitrogen and stored at -80ºC until RNA isolation. 
RNA isolation and cDNA synthesis  
RNA was isolated from human and rat testis, and rat cultured SeT with TRI reagent according 
to the manufacturer‟s instructions. Total RNAs were decontaminated from genomic DNA by 
digestion with deoxyribonuclease I (amplification grade DNase I, 1U/µg RNA). Complementary 
DNA (cDNA) was synthesized in a final volume of 20µL using 160U M-MLV reverse transcriptase 
(Promega, Madison, WI, USA), 0.5µg random primers (Invitrogen, Carlsbad, CA, USA), 10mM 
each dNTP (GE Healthcare, Buckinghamshire, UK) and 1µg of each RNA sample according to 
the manufacturer‟s protocol. cDNA was stored at -20ºC until further use.  
Reverse transcription polymerase chain reaction (RT-PCR) 
Specific intron spanning primer sets were designed for the amplification of human and rat 
Aven cDNA (Table 4.1). One µL of cDNA was amplified in a  25µL reaction containing 1x 
DreamTaq buffer (20mM of MgCl2, Fermentas, Burlington, Ontario, Canada), 0.5U of 
DreamTaq DNA polymerase (Fermentas), 10mM each dNTP (GE Healthcare) and 0.2µM each 






















































































































S: CCA GCG CGC CGG TTG AAG AT 
AS: TGC CCA GCA ACA CAG GGC AG 
513 60 200 
Human Avenb 
S: CTC TGC CTC CGA CTC AAC 
AS: CCT TGC CAT CAT CAG TTC TC 
97 60 300 
Rat Avena,b 
NM_001107757.1 
S: CAG ATA GCC CAG GAG GAA ATA G 
AS: CTC ACG CAG ACA GCA ACC 
185 60 200 
Human GAPDH 
NM_002046.3 
S: CGC CAG CCG AGC CAC ATC 
AS: CGC CCA ATA CGA CCA AAT CCG 




S: ATG AGT ATG CCT GCC GTG TG 
AS: CAA ACC TCC ATG ATG CTG CTT AC 
















163 60 200 
a RT-PCR; b qPCR 
Quantitative RT-PCR (qPCR) 
Quantification of Aven expression in human testicular biopsies, rat testis at different post-
natal ages (10, 30, 90, 120, 180, 240, and 365 post-natal days; n≥5 in all groups), and rat 
cultured SeT was performed by real time qPCR. Intron spanning primer sets (Table 4.1) were 
designed for the amplification of Aven and also internal reference genes β-actin, GAPDH, 
cyclophilin A, and  β2-microglobulin . Reactions were carried out in an iQ5 system (Bio-Rad) 
and efficiency of the reactions was determined for all primer sets using serial dilutions of 
cDNA samples (1:1, 1:10, and 1:100). Primer concentration and annealing temperature were 
optimized and specificity of the amplicons was determined by melting curve analysis. 
Reaction mixtures consisted of SYBR Green master mix (Bio-Rad), sense and antisense primers 
(see Table 4.1 for concentrations) and 1µL of cDNA in a final volume of 20µL. All reactions 
were carried out in triplicate. Normalized expression values were calculated according to a 
published mathematical model proposed by the Vandesompele group428. 
Western blot (WB) 
Total protein was isolated from rat and human testis, and rat cultured SeT using RIPA buffer 
supplemented with protease inhibitors (1mM PMSF; 5mM EDTA; 1x protease inhibitor 
cocktail). Protein concentration was determined by Bio-Rad protein assay (Hercules, CA, 
USA).  































































































Proteins (50µg) were mixed with sample buffer, denatured for 10 minutes at 100ºC and 
resolved by SDS-PAGE. Proteins were blotted onto PVDF membranes (GE Healthcare) by wet 
transfer using Tris-glycine pH8.3 with 15% methanol. Membranes were blocked with tris-
buffered saline with 0.05% Tween-20 and 5% dry skimmed milk for 1 hour at RT and then 
incubated overnight with primary mouse anti-Aven (1:750; ab77014) or rabbit anti-cleaved 
Caspase-9 (Asp353) antibodies (1:1000; #9507, Cell Signaling Technology, Danvers, MA, USA). 
Membranes were incubated for 1 hour at RT with the appropriate secondary antibody 
conjugated with alkaline phosphatase (1:10000, anti-mouse IgG-AP, ab7069; 1:5000, anti-
rabbit IgG-AP, sc-2007, Santa Cruz Biotechnology, Santa Cruz, CA, USA), developed for 5 
minutes with ECF substrate (GE Healthcare) and scanned with Molecular Imager FX (Bio-Rad). 
For normalization of protein expression, membranes were stripped [0.2M glycine, 1% (w/v) 
SDS, 1% (v/v) Tween-20, pH2.2], blocked, and reprobed using a mouse anti-β-actin 
monoclonal primary antibody (1:20000; A1978, Sigma-Aldrich). 
Immunohistochemistry (IHC)  
Five µm sections of human (10% formalin-fixed) and rat testis (90 day old; 4% PFA-fixed) were 
used. Antigen retrieval was performed in 10mM citric acid pH6.0 for 30 min, at 80-85ºC. 
Endogenous peroxidase was blocked  with 3% H2O2 (Panreac, Barcelona, Spain) for 10 minutes 
at RT and unspecific staining was blocked with normal goat serum (1:20) for 30 minutes at 
RT. Sections were incubated overnight at 4ºC with primary monoclonal anti-Aven antibody 
(1:200; ab77014) in phosphate buffered saline (PBS) with 1%BSA (PBA). Sections were then 
incubated with secondary goat anti-mouse biotinilated antibody (1:200; ab7067)  in PBA for 1 
hour at RT, followed by incubation with ExtrAvidin Peroxidase (1:20) in PBA.  Staining was 
detected using HRP substrate solution (Dako, Glostrup, Denmark). Sections were slightly 
counterstained with Harris‟ haematoxylin (Merck) and specificity of the staining was assessed 
by the omission of primary antibody. 
Statistical analysis 
Statistical significance of differences in AVEN expression between groups was evaluated by 
one way analysis of variance (ANOVA) followed by Tukey‟s multiple comparison test (Aven 
expression in human testis), two-way ANOVA followed by Bonferroni‟s post test (Aven 
expression time-course analysis), or unpaired t-test using GraphPad Prism v5.00 (GraphPad 
Software, San Diego, CA, USA). Correlation between Aven average expression and 
spermatogenic status/modified HS was analysed by calculating a linear regression.  
Statistically significant differences were considered for P<0.05. Experimental data are shown 
as mean±standard error of the mean (SEM). 
 
 
































































































Aven expression and localization in human and rat testis  
The expression of Aven mRNA and protein was demonstrated in both human and rat testis by 
RT-PCR (Figure 4.1A) and WB (Figure 4.1B), respectively. In addition, qPCR analysis showed 
that Aven expression in rat testis increases until adulthood (90 post-natal days), after which 
levels are maintained constant (Figure 4.1C).   
Localization of Aven protein in human and rat testis was assessed by IHC (Figure 4.1D). In 
both species Aven is localized mostly in Sertoli cells (SC) and spermatocytes (ST), although a 
weaker staining can also be observed in spermatogonia (SG). 
 
Figure 4.1 Aven expression and localization in human (hT) and rat (rT) testis. (A) RT-PCR detection of 
Aven in hT and rT; (-) negative control. (B) Western blot detection of Aven protein in hT and 
rT. (C) Aven expression during rat post-natal development determined by quantitative PCR 
(normalization made with cyclophilin A and GAPDH as internal reference genes); n≥5 in all 
groups; Different letters indicate statistically significant difference between groups (all 
P<0.001 with the following exceptions: P<0.005 for 30 vs. 90, 240, and 270; P<0.05 for 90 
vs. 365). (D) Localization of Aven protein on hT and rT, left and right panels, respectively; 
(-) negative control, obtained by omission of primary antibody; SC – Sertoli cell; SG – 
spermatogonia; ST – spermatocytes. Magnification 400x 
Aven expression in human testicular biopsies with different pathologies 
Aven mRNA expression was quantified in human testicular biopsies with OAZ, HP, and SCOS by 
qPCR. Aven mRNA is lower in testis with HP and SCOS (P<0.05 and P<0.001 respectively; 
Figure 4.2) than in OAZ group which had normal conserved spermatogenesis, and its 
expression is positively correlated with spermatogenic status/HS (r=0.79; P<0.001).  
































































































Figure 4.2  Expression levels of Aven in testicular biopsies from men with obstructive azoospermia with 
conserved spermatogenesis (OAZ), hypospermatogenesis (HP) and Sertoli cell-only syndrome 
(SCOS) determined by quantitative PCR; normalization was made using β2-microglobulin and 
GAPDH as internal reference genes; A trend can be observed (P<0.001) towards lower 
expression of Aven with increasing spermatogenic failure and decreasing modified Holstein 
score (HS); *P<0.05, ***P<0.001 
Effect of 17β-estradiol on Aven expression in rat seminiferous tubules 
cultured ex-vivo  
The effect of E2 on Aven expression in cultured rat SeT was evaluated in a time-course 
experiment (Figure 4.3) by qPCR analysis. Hormonal treatment induced a significant increase 
in Aven mRNA expression levels (Figure 4.3A) at 12 (P<0.05) and 24 hours (P<0.001), 
compared to control at the same experimental times. At 48 hours a statistically significant 
increase of Aven protein expression (Figure 4.3B) can be observed (P<0.001) when compared 
to control group at the same time.  
The rise in Aven expression in response to E2 is accompanied by decreased Caspase-9 
activation, a marker of apoptosis (Figure 4.3). The relative levels of cleaved Caspase-9, 
evaluated by quantification of its 38kDa cleavage product by WB analysis, were lower in SeT 
cultured in the presence of E2 than in absence of hormone (P<0.01).   
































































































Figure 4.3  Effect of 17β-estradiol (E2) on Aven expression and Caspase-9 activation in rat seminiferous 
tubules (SeT) cultured ex-vivo. SeT were cultured in the absence [E2 (-)] or presence [E2 (+)] 
of 10-7M of E2 for 6, 12, 24, or 48 h. (A) Time-course expression of Aven mRNA  determined 
by quantitative PCR; Expression levels were normalized using β-actin and GAPDH as internal 
reference genes. (B) Expression of Aven protein at 24 and 48 h of E2 stimulation determined 
by Western blot (WB). (C) Caspase-9 activation at 24 h of E2 stimulation evaluated by WB 
quantification of the 38kDa cleavage product; * P<0.05; *** P<0.001 
Discussion 
Apoptosis is a physiological event necessary for the occurrence of normal spermatogenesis as 
it enables the control of the number of germ cells, according to the capacity of SC429. 
However, disturbance of this delicate equilibrium towards increased germ cell apoptosis can 
cause male infertility413,430. Aven has been shown to be an inhibitor of apoptosis in several cell 
types425,431-434 by enhancing Bcl-xL antiapoptotic activity and inhibiting Apaf-1 self-
assembly425. A possible role for Aven in the regulation of testicular apoptosis had not yet been 































































































studied, although Vasa-homolog deficient mice displaying defective spermatogenesis fail to 
express Aven426. 
We report for the first time the expression and localization of Aven in rat and human testis 
(Figure 4.1) with Aven protein being localized to SC, SG and ST in both species (Figure 4.1D). 
One of the roles of testicular apoptosis is the quality-control of male gametes, preventing the 
transmission of genetic abnormalities to offspring435. Aven has been also shown to act as a 
transducer in DNA-damage response functioning as an ATM (ataraxia-telangiectasia) protein 
kinase activator, inhibiting G2/M cell cycle progression436,437. Apparently Aven is involved in a 
mechanism by which cells with low levels of DNA damage are saved while others, with higher 
levels of damage, are killed by apoptosis436,437. Therefore, it is likely that Aven might be 
involved in the regulation of germ cell progression and survival or death by apoptosis, due to 
DNA-damage or chromosomal abnormalities. Maintenance of SC survival may also depend of 
Aven‟s role. Bcl-W, another pro-survival protein essential for spermatogenesis438, is expressed 
by SC and has been related to maintenance of these cells‟ integrity417,439,440. The SC 
expression of pro-survival factors such as Aven  may be a mechanism by which these cells are 
more protected from apoptosis than germ cells440. However, only the development of Aven 
null animals may give more clues on the complete functions of this protein in 
spermatogenesis, both in somatic and germ cells. 
Apoptosis is pivotal for the control of germ cell number in testis, which occurs by the way of 
extensive germ cell apoptosis during the first wave of spermatogenesis441. Developmentally, 
Aven mRNA expression in rat testis remains low until 20 post-natal days (Figure 4.1C), a 
period described as having the highest rate of apoptosis, during the first wave of 
spermatogenesis442. Aven expression starts increasing at 30 post-natal days (Figure 4.1C), 
which is also known to correspond to the start of a decrease in testicular apoptosis, remaining 
low throughout rat adulthood442. 
The results present herein show that Aven mRNA is under-expressed in human testis with non-
obstructive azoospermia (Figure 4.2). The expression is high in OAZ with conserved 
spermatogenesis, decreasing in cases of HP, and reaching the lowest levels in SCOS. This 
shows a tendency towards lower Aven expression with increased disruption of 
spermatogenesis, and a positive correlation between Aven mRNA expression and HS was 
found. This pattern is common to other apoptosis-related genes421-424. For example, the 
expression of apoptosis inhibitor Survivin, has been shown to be correlated to spermatogenic 
status is a manner similar to the results presented here for Aven423,424. Although SCOS etiology 
is not related to increased apoptosis, a lower expression of Aven, as well as other apoptosis-
related genes, in this phenotype may be due to the lack of several Aven-expressing cell types. 
We showed that E2 up-regulates Aven mRNA and protein expression in rat cultured SeT (Figure 
4.3A and Figure 4.3B). This is the first time the control of Aven expression by a steroid 
hormone is described. In silico analysis of Aven promoter region enabled the identification of 































































































several potential estrogen-response-elements consensus sequences, especially in region 
comprising nucleotides -855 to -730  (data not shown), which suggests that the E2 observed 
effects on Aven expression may be driven by the intracellular estrogen receptors. Further 
studies will be needed to fully characterize the mechanism of estrogenic regulation of Aven 
expression.  
The role of estrogens in the control of spermatogenesis has been given increasing importance 
in the past few years, namely from the evidence of aromatase knockout mice which display 
impaired spermatogenesis, caused by increased apoptosis of round spermatids198. Other 
studies have identified E2 as a germ cell survival factor 
185,213, but the link between estrogens‟ 
actions and the molecular targets of survival/apoptotic pathways was not evidenced in these 
reports.  
We show that the rise in Aven expression in cultured SeT evoked by E2 is accompanied by a 
decrease in apoptosis as indicated by the fragmentation of Caspase-9, a marker of apoptosis 
(Figure 4.3C). Therefore, the regulation of Aven expression by E2 may be a mechanism 
involved in testicular apoptosis control by estrogens. 
In conclusion, the results presented in this study suggest that apoptosis-inhibitor Aven may 
have an important role in testicular physiology, namely in the estrogenic control of apoptosis. 
Moreover, the changes in Aven expression seem to be associated with specific spermatogenic 
phenotypes. 
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Regucalcin (RGN) is a calcium (Ca2+)-binding protein which regulates intracellular Ca2+ 
homeostasis by modulating the activity of enzymes regulating Ca2+ concentration and 
enhancing Ca2+-pumping activity. Several studies have described the pivotal role of proper 
Ca2+ homeostasis regulation to spermatogenesis and male fertility. Recently RGN was 
identified as a sex steroid regulated gene in prostate and breast however, a possible role of 
RGN in spermatogenesis has not been examined. In the present study the expression and 
localization of RGN in rat and human testis, and other rat reproductive tissues was analysed. 
Moreover, we studied whether RGN protein was present in seminiferous tubule fluid. Finally, 
we examined the effect of 5α-dihydrotestosterone on the expression of Rgn mRNA in rat 
seminiferous tubules cultured ex vivo. The results presented herein show that RGN is 
expressed in Leydig and Sertoli cells, as well as in all types of germ cells of both rat and 
human testis. Regucalcin is also expressed in rat prostate, epididymis, and seminal vesicles. 
Moreover RGN protein is present in rat seminiferous tubule fluid. The results also demonstrate 
that RGN expression is age dependent in rat testis, and is up-regulated by the non-
aromatizable androgen 5α-dihydrotestosterone in rat seminiferous tubules cultured ex vivo. 
Taken together, these findings indicate that RGN is a novel androgen-target gene in rat testis 
and that it may have a role in male reproductive function, particularly in the control of 
spermatogenesis. 
Introduction 
Regucalcin (RGN) was first identified in the late 1970‟s by the Yamaguchi group in Japan as a 
calcium (Ca2+) binding protein that does not contain EF-hand motif443. Independently, another 
research group identified and named it Senescence Marker Protein-30 (SMP30), based on its 
characteristic down-regulated expression with aging in rat liver444. Regucalcin plays an 
important role in intracellular Ca2+ homeostasis by modulating the activity of enzymes 
regulating Ca2+ concentration, and enhancing Ca2+-pumping activity through the plasma 
membrane, endoplasmic reticulum and mitochondria of several cell types445. In turn, Rgn 
expression is up-regulated by increased Ca2+ concentration in liver and kidney cells446-448.  
Although there are no studies characterizing expression of RGN in testis, several evidences 
have highlighted the importance of Ca2+ to spermatogenesis. Calcium is essential for the 
maintenance of Sertoli cell (SC) tight junctions forming the blood-testis barrier67 and 
modulates the activity of enzymes interfering in SC architecture68. The tight regulation of 
Ca2+ influx and outflux maintaining intracellular Ca2+ homeostasis also seems to be essential 
for Leydig cells (LC) steroidogenesis, for example by controlling the expression of 
steroidogenic acute regulatory protein70,71. Moreover, it has been shown that administration 
of Ca2+ channel blockers has deleterious effects on mammalian spermatogenesis, being 
associated with reversible infertility [e.g. 72-74,77,78].  


























































Recently, we have identified Rgn as a sex steroid regulated gene in rat reproductive organs 
such as breast and prostate449,450. Also we have shown that 5α-dihydrotestosterone (DHT) 
treatment decreases RGN expression in human prostate cancer cells [LnCaP; 449]. However, 
the effects of sex steroids controling RGN testicular expression are unknown. 
The first aim of the present work was to study the expression and cellular localization of RGN 
in rat and human testis and other male reproductive tissues, such as prostate, epididymis and 
seminal vesicles. Regucalcin has been shown to be secreted to biological fluids, namely   
saliva451 and plasma452-455. Thus, secondly we investigated whether RGN is present in 
seminiferous tubule fluid (STF). Our third aim was to determine the effect of DHT on Rgn 
expression in rat seminiferous tubules (SeT) cultured ex vivo.  
Material and Methods 
Animals and tissues 
Wistar male rats (Rattus Norvegicus) were obtained from Charles River (Barcelona, Spain) and 
housed under a 12-h light, 12-h dark cycle, with food and water available ad libitum during 
the course of all experiments. Housing, maintenance and handling of animals was in 
compliance with the NIH guidelines and the rules for the care and handling of laboratory 
animals (Directive 86/609/EEC). All rats were sacrificed under anesthesia (Clorketam1000, 
Vetoquinol, Lure, France). 
Human testicular samples with conserved spermatogenesis were obtained by TESE (testicular 
sperm extraction) from men undergoing treatment testicular biopsy due to obstructive 
azoospermia (aged 35-38, with normal kariotypes). Samples were obtained under informed 
consent according to the local ethical committee guidelines, and treated as previously 
described368. 
Reagents 
All chemical reagents were purchased from Sigma-Aldrich (Saint Louis, MO, USA) and all 
antibodies were obtained from AbCam (Cambridge, UK) unless stated otherwise. 
Primary SC culture  
Testes were removed from 22 days old rats and washed in ice cold Hanks balanced salt 
solution without Ca2+ and Mg2+ (HBSSf). Testes were decapsulated and washed in HBSSf. Rat 
SC were then isolated by a method adapted by Oliveira and collaborators456. Briefly 
decapsulated testicular tissue was placed in a glycine-containing medium [HBSSf, 1M glycine 
(Merck, Darmstadt, Germany), 0.005%(w/v) DNase, 2mM EDTA and 0.002%(w/v) soybean 
trypsin inhibitor, pH 7.2] for 10 min at room temperature (RT) in order to remove peritubular 
cells. The dispersed tubules were forced through a large-bore Pasteur pipette and digested 
with 0.015%(w/v) type I collagenase and 0.005%(w/v) DNase in HBSSf for 20 min at RT. The SC 


























































suspension was collected by centrifugation at 300xg for 3 min, washed 3 times in HBSSf and 
ressuspended in SC culture medium [1:1 mix of Ham‟s F12 and Dulbecco‟s modified Eagle‟s 
medium supplemented with 15mM HEPES, 50IU/mL penicillin, 50mg/mL streptomycin 
sulphate, 0.5mg/mL fungizone, 50µg/mL gentamicin and 5%(v/v) heat-inactivated FBS 
(Biochrom, Berlin, Germany)]. The cell suspension was forced through a 20G needle, plated in 
culture flasks (Cell+; Sarsted, Nümbrecht, Germany) at a concentration of 5000 clusters/mL 
and incubated a 37ºC in an atmosphere of 5% CO2: 95% O2. 
To obtain a culture of human SC, testicular biopsies were treated according to a method 
described by457. Isolation of SC was made by a method described elsewhere458 with some 
modifications. The tubules were centrifuged at 500xg for 5 min and washed in HBSSf followed 
by another centrifugation. The pellet was redissolved in SC culture medium with a 
composition similar to the one used for rat SC culture except for the addition of 10%(v/v) 
heat-inactivated FBS, and cultured in a similar way. 
STF collection 
Seminiferous tubule fluid was collected from 90 day old rats following a method described  
by32 with some modifications. Briefly, testis were removed and trimmed free of fat and 
connective tissue. A small incision was made at the caudal end of each testis, which was 
placed inside a syringe barrel within a centrifuge tube. The apparatus was centrifuged at 54xg 
for 15 min at 0ºC to remove interstitial fluid. The testis was removed from the barrel, the 
tunica was cut and peeled back, and tubules were washed 4 times in saline to remove 
remaining interstitial fluid and blotted onto gauze. Tubules were extruded through the hub of 
a syringe into a centrifuge tube and centrifuged for 30 min at 0ºC. Supernatant containing STF 
was collected into a fresh tube.  
Ex vivo culture of rat SeT 
Rat SeT were used for culture instead of individual cell types, since this model has been 
shown to be suitable to mimic the testicular cellular environment ex vivo by several      
groups459-461. Testes (90 days old rats) were removed, trimmed free of fat, washed in cold PBS 
and placed in DMEM-F12 culture medium at 32ºC. Tunica was cut and peeled back to expose 
tubules. Ten SeT fragments of about 1cm and 2mL of culture medium were used per well 
(Nunclon D 12 well multidishes, Nunc, Denmark). Experimental groups according to the 
medium composition were (n=5 in each group): control, DHT (10-7M), Flu (10-7M), DHT+Flu  
(10-7M DHT and 10-7M Flu), CHX(10µg/mL), DHT+CHX (10-7M DHT and 10µg/mL of CHX). Control 
medium, to which DHT/Flu/CHX were added was DMEM-F12 supplemented with 20mg/L 
gentamicin sulphate, 0.1mM 3-isobutyl-1-methylxanthine and 1mg/L BSA. In groups with DHT 
plus Flu/CHX, the hormone was added 30 min after Flu/CHX. Tubules were incubated for 6, 
12, 24 and 48 h in time-course experiments, and for 24 h in experiments with Flu and CHX. 
Tubules were also cultured in control medium supplemented with survival factors [10%(v/v) 


























































heat-inactivated FBS, 1mM Na pyruvate, 4 mM glutamine, 100ng/mL vitamin A, 200ng/mL 
vitamin E, 50ng/mL vitamin C, 12μg/mL insulin] for 24 h. Seminiferous tubules remain viable 
during the course of the experiment as assessed by morphological analysis of haematoxylin 
and eosin stained tissue sections. At the end of each experiment tubules were recovered from 
medium, snap-frozen in liquid nitrogen and stored at -80ºC until RNA isolation. 
RNA isolation and cDNA synthesis  
RNA was isolated from rat and human testis, rat SeT, rat prostate, rat epididymis, rat seminal 
vesicles, and rat and human SC with TRI reagent according to the manufacturer‟s instructions. 
RNA concentration was measured in a spectrophotometer (NanoPhotometer, Implen, Munich, 
Germany) and integrity was assessed by agarose gel electrophoresis. Total RNAs were 
decontaminated from genomic DNA by digestion with deoxyribonuclease I (amplification grade 
DNase I) according to the manufacturer‟s instructions. Complementary DNA (cDNA) was 
synthesized in a final volume of 20µL using 160IU M-MLV reverse transcriptase (Promega, 
Madison, WI, USA), 0.5µg random primers (Invitrogen, Carlsbad, CA, USA), 10mM each dNTP 
(GE Healthcare, Buckinghamshire, UK) and 1µg each RNA sample according to the protocol 
supplied by the manufacturer. Synthesized cDNA was stored at -20ºC until further use.  
RT-PCR 
For the amplification of human and rat RGN, rat Vim and rat AMH specific intron spanning 
primer sets were designed (Table 5.1). One µL of cDNA was amplified in a final volume of 
25µL containing 1x DreamTaq buffer with 20mM of MgCl2 (Fermentas, Burlington, Ontario, 
Canada), 0.5IU of DreamTaq DNA polymerase (Fermentas), 10mM each dNTP (GE Healthcare) 
and 0.2µM each primer (StabVida, Oeiras, Portugal). Every set of PCR reactions included a no-
template control.  


























































Table 5.1 PCR primers sequences, amplicon size and cycling conditions 
Gene and accession 
number 




















































a primer pairs used in quantitative PCR. Legend: S – sense primer, AS – anti-sense primer. 
In situ hybridization  
Detection of RGN mRNA in rat testis (90 days old) 4%PFA-fixed, paraffin-embeded sections 
was performed by hybridization with digoxigenin-labeled probes according to a protocol 
previously described450.  
Western blot  
Total protein was isolated from rat SC, testis, prostate, epididymis, and seminal vesicles using 
RIPA buffer supplemented with protease inhibitors (1mM PMSF; 5mM EDTA; 1x protease 
inhibitor cocktail). Protein content in STF was concentrated by acetone precipitation. Protein 


























































pellet was dissolved in RIPA buffer with inhibitors. Protein concentration was determined by 
Bio-Rad protein assay (Hercules, CA, USA).  
Proteins (100µg) were mixed with sample buffer, denatured for 10 min at 100ºC and resolved 
by SDS-PAGE on 12.5% gels. Proteins were blotted onto PVDF membranes (GE Healthcare) by 
wet transfer using 10mM pH11 CAPS with 20%(v/v) methanol. Blotted membranes were 
blocked with tris-buffered saline with 0.05%(v/v) Tween-20 and 5%(w/v) dry skimmed milk for 
1 h at RT and then incubated overnight with primary monoclonal anti-regucalcin antibody 
(1:250; ab81721). Membranes were incubated with secondary antibody conjugated with 
alkaline phosphatase (1:15000; anti-mouse IgG-AP, ab7069), developed for 5 min with ECF 
substrate (GE Healthcare) and scanned with Molecular Imager FX (Bio-Rad). 
Immunohistochemistry  
Five µm sections of rat (90 day old) testis, prostate, epididymis, seminal vesicles (4% PFA-
fixed) and human testis tissue sections (10% formalin-fixed) were deparaffinized in xylene and 
rehydrated in graded alcohols. Heat-induced antigen retrieval was performed in 10mM citric 
acid pH6.0 for 30 min, at 80-85ºC. Endogenous peroxidase was blocked by incubating samples 
in 3%(v/v) H2O2 (Panreac, Barcelona, Spain) for 10 min at RT and unspecific staining was 
blocked by incubation with 1:20 normal goat serum for 30 min at RT. Sections were incubated 
overnight at 4ºC with primary monoclonal anti-RGN antibody (ab81721) diluted 1:50 in 
phosphate buffered saline (PBS) with 1%(w/v) BSA (PBA). Sections were then incubated with 
secondary goat anti-mouse biotinilated antibody (ab7067) diluted 1:200 in PBA for 1 h at RT, 
followed by incubation with ExtrAvidin Peroxidase diluted 1:20 in PBA. Antibody binding was 
detected using HRP substrate solution (Dako, Glostrup, Denmark). Sections were slightly 
counterstained with Harris‟ haematoxylin (Merck), dehydrated, cleared and mounted. 
Specificity of the staining was assessed by the omission of primary antibody. 
Immunocytochemistry   
Human and rat cultured SC were washed with PBS and fixed with cold 4%PFA. 
Permeabilization was performed by incubation with 0.01%(w/v) digitonin for 10 min at RT. 
Endogenous peroxidase was blocked by incubation with 0.1%(v/v) H2O2 for 10 min at RT and 
unspecific staining was blocked with PBA for 30 min at RT. Cells were incubated overnight at 
4ºC with primary monoclonal anti-RGN antibody (1:50 in PBA, ab81721) or ready-to-use 
polyclonal anti-Vim antibody (V9 clone, Invitrogen). Cells were then incubated with secondary 
horse anti-mouse biotinylated antibody (BA-200, Vector labs, Burlingame, CA, USA) diluted 
1:400 in PBA for 1 h at RT, followed by incubation with ExtrAvidin peroxidase diluted 1:20 in 
PBA. Antibody binding was detected using HRP substrate solution. After colour development 
sections were slightly counterstained with Harris‟ haematoxylin. Specificity of the staining 
was assessed by omission of primary antibody. 



























































Quantification of Rgn expression in rat cultured SeT and rat testis at different post-natal ages 
(10, 30, 60, 90, 120, 180, 240, 270 and 365 days, n≥5 in each group) was performed by qPCR. 
An intron spanning primer set was designed for the quantification of rat Rgn expression  
(Table 5.1). In addition  two internal reference genes (β-actin and GAPDH for cultured SeT; 
β2-microglobuline and cyclophilin A for rat testis at different post-natal ages) were selected 
from a panel for the normalization of the expression based on their stability in the 
experimental conditions used according to two methods described elsewhere [462,463; data not 
shown]. Reactions were carried out in an iQ5 system (Bio-Rad) and efficiency of the reactions 
was determined for all primer sets using serial dilutions of cDNA samples (1:1, 1:10 and 
1:100). Primer concentration and annealing temperature were optimized prior to the assay 
and specificity of the amplicons was determined by melting curve analysis. Reaction mixtures 
consisted of SYBR Green master mix (Bio-Rad), sense and antisense primers (500nM for RGN 
and 200nM for all other primer pairs) and 1µL of cDNA in a final volume of 20µL. Also, a no-
template control was included for each reaction and all reactions were carried out in 
triplicate. Normalized expression values of Rgn were calculated according to a published 
mathematical model proposed by the Vandesompele group428. 
Statistical analysis 
Statistical significance of differences in Rgn expression between groups was evaluated by one 
way analysis of variance (one-way ANOVA) followed by Bonferroni‟s multiple comparison test 
or unpaired t test with Welch's correction, using GraphPad Prism v5.00 (GraphPad Software, 
San Diego, CA, USA). Statistically significant differences were considered for P<0.05. 
Experimental data are shown as mean±standard error of the mean (SEM). 
Results 
Regucalcin expression and localization in rat and human cell types of the 
testis 
Regucalcin mRNA and protein expression were analysed in rat and human whole testis and 
isolated SC by reverse transcription polymerase chain reaction (RT-PCR), in situ hybridization 
(ISH), Western blot (WB), immunohistochemistry (IHC) and/or immunocytochemistry (ICC).  
Analysis by RT-PCR demonstrated RGN mRNA expression in rat and human testis (Figure 5.1A). 
Through real time quantitative PCR (qPCR) analysis at different post-natal ages it was shown 
that RGN mRNA expression in rat testis reaches a maximum at 120 days, and decreases during 
aging process (Figure 5.1C).  
The localization of RGN mRNA in rat testis was assessed using a specific digoxigenin-labelled 
probe (Figure 5.1D). We were able to localize RGN hybridization signal in SC and several germ 
cells, namely spermatogonia (SG), spermatocytes (ST) and round spermatids (RS). Specificity 


























































of ISH staining was evaluated by hybridization with sense probe, which resulted in absence of 
signal (Figure 5.1D insert).   
 
Figure 5.1 Expression of regucalcin (RGN) in reproductive tract tissues and seminiferous tubule fluid 
(STF). (A) RT-PCR of RGN, and Sertoli cells (SC) specific markers vimentin (Vim) and anti-
mullerian hormone (AMH). (-) negative control (no cDNA template). (B) Western blot 
detection of RGN in protein extracts. (hT) human testis. (rT) rat testis. (hSC) human Sertoli 
cells. (rSC) rat Sertoli cells.  (rP) rat prostate.  (rEp) rat epididymis. (rSV) rat seminal 
vesicles. (rSTF) rat seminiferous tubule fluid. (C) Expression of Rgn in rT at different post-
natal ages, determined by quantitative PCR, normalized with cyclophilin A and β2-
microglobulin as internal reference genes. n≥5 in each group. **P<0,005 relative to 10 post-
natal days. Error bars represent SEM. (D) Localization of RGN mRNA transcript in adult rT by 
in situ hybridization using a digoxigenin-labelled antisense probe. Insert - hybridization with 
sense probe resulting in no staining. SC – Sertoli cell, SG – spermatogonia, ST – 
spermatocyte, RS – round spermatid. Magnification indicated as scalebar. 


























































In rat testis RGN protein is localized to the cytoplasm and nucleus of LC and SC and also in a 
variety of germ cells, more specifically SG, ST, RS, elongating spermatids (ES) and 
spermatozoa (Sz; Figure 5.2A and Figure 5.2C). Immunohistochemistry in human testicular 
tissue showed a similar expression pattern for RGN, as observed by the staining of the same 
cell types as in rat testis (Figure 5.2B and Figure 5.2D). Although cell localization was 
essentially cytoplasmic, some nuclear staining is visible particularly in rat sections (Figure 
5.2A and Figure 5.2C). Specificity of the IHC staining was assessed by omission of primary 
antibody, resulting in complete absence of immunological staining (inserts in corresponding 
panels, Figure 5.2).  
The expression of RGN mRNA and protein in SC was confirmed using rat and human primary SC 
cultures. PCR amplification of SC specific markers Vimentin (Vim) and anti-mullerian hormone 
(AMH) (Figure 5.1A), and ICC detection of Vim (Figure 5.2G and Figure 5.2H) were used to 
confirm the isolation of SC. After 96 h of culture contaminant cells were fewer than 5% for 
both cultures. By RT-PCR, RGN mRNA expression was detected in both rat and human SC       
(Figure 5.1A). These cells also express RGN protein, which was detected mainly to the 
cytoplasm (Figure 5.2E and Figure 5.2F). Specificity of the immunostaining was assessed by 
the omission of the primary antibody, which resulted in complete absence of immunological 
staining (inserts in corresponding panels, Figure 5.2). The presence of RGN in rat SC was 
further confirmed by WB analysis (Figure 5.1B). 
 



























































Figure 5.2 Immunochemical localization of regucalcin in testis paraffin-sections and Sertoli cells (SC) 
cultures. (A) rat testis. (B) human testis. (C) rat SC. (D) human SC. Purity of the rat and 
human SC cultures was assessed by staining with anti-vimentin antibody (E and F 
respectively). (-) – negative control obtained by omission of the primary antibody (inserts in 
corresponding panels). SC – Sertoli cell, LC – Leydig cell, SG – spermatogonia, ST – 
spermatocyte, RS – round spermatid, ES – elongated spermatid, Sz – spermatozoa. 
Magnification indicated as scalebar (B similar to A; D, E, and F similar to C) 
Regucalcin expression in rat reproductive tissues and STF 
The expression of RGN in other rat reproductive tissues besides testis was investigated. We 
have detected RGN mRNA expression in rat prostate, epididymis and seminal vesicles    
(Figure 5.1A). Subsequently, we confirmed the expression of RGN protein in these tissues by 


























































detecting an immune-reactive band of expected size in WB (Figure 5.1B). Moreover, we 
detected the same immunoreactive band in rat STF (Figure 5.1B).  
The cellular localization of RGN in rat prostate, epididymis and seminal vesicles was 
determined by IHC. In all three tissues RGN is localized mainly in the epithelial cells     
(Figure 5.3A/B/C); in epididymis it is also localized on smooth muscle cells and connective 
tissue (Figure 5.3B). Specificity of staining was assessed by omission of the primary antibody, 
which resulted in complete absence of staining (inserts in corresponding panels, Figure 5.3). 
 
Figure 5.3 Immunohistochemical localization of regucalcin in rat prostate (A), epididymis (B) and 
seminal vesicles (C). (-) – negative control obtained by omission of the primary antibody 
(inserts in corresponding panels). Arrowhead – epithelium, CT – connective tissue, SM – 
smooth muscle cells. Magnification indicated as scalebar (similar in all panels) 


























































DHT regulation of regucalcin expression in rat SeT 
The effect of DHT (10-7M) on the expression of RGN mRNA in cultured rat SeT was evaluated 
by qPCR. Firstly,  a time-course experiment was performed showing that DHT induced a sharp 
increase in the expression levels of Rgn at 24 h (4.37±0.64; P<0.001) when compared to 
control (1.00±0.26), while at all other experimental times Rgn expression levels remained 
similar to control group (Figure 5.4A). The 24 h experimental time was therefore selected to 
explore the mechanisms involved in DHT regulation of Rgn expression by incubating rat SeT 
with 10-7M DHT, and with anti-androgen Flutamide (Flu) and protein synthesis inhibitor 
cycloheximide (CHX), alone or in presence of DHT (Figure 5.4B). Treatment with DHT 
produced an increase in RGN mRNA expression (2.20±0.27; P<0.01) when compared to the 
control (1.00±0.08). Administration of Flu neutralized the hormone‟s effect (1.04±0.06 vs. 
1.00±0.08 control), while incubation with CHX (2.34±0.15 vs. 1.00±0.08 control; P<0.001) did 
not change the up-regulating effect of DHT on Rgn expression. Incubation with Flu or CHX 
alone had no significant effect on the expression of Rgn. 
Regucalcin expression is up-regulated in rat SeT cultured in presence of 
survival factors 
Rat SeT were cultured in a hormone-free medium with or without survival factors, and the 
expression of Rgn quantified by qPCR (Figure 5.4C). Under survival-promoting conditions there 
was an up-regulation of Rgn expression (2.23±0.22 vs. 1,00±0.23 without survival factors; 
P<0.005). 
 



























































Figure 5.4  Effect of DHT and survival factors on regucalcin (RGN) expression in rat seminiferous 
tubules (SeT) cultured ex vivo determined by quantitative PCR. Rgn expression was 
normalized with β-actin and GAPDH as internal reference genes. n=5 in each experimental 
condition. Error bars represent SEM (A) time-course experiment in which rat SeT were 
culture in the absence [DHT (-)] or presence of 10-7M DHT [DHT (+)] for 6, 12, 24 or 48 h. (B) 
rat SeT cultured for 24 h with  10-7M DHT, 10-7M Flutamide (Flu),  10µg/mL cycloheximide 
(CHX), 10-7M DHT plus 10-7M Flu and 10-7M DHT plus  10µg/mL CHX . **P<0.005 and 
***P<0.001 compared to DHT (-). (C) rat SeT cultured for 24 h in the absence [SF (-)] or 
presence [SF (+)] of survival factors. **P<0.005 
Discussion 
Although several evidences have highlighted the importance of Ca2+ homeostasis and signaling 
for normal spermatogenic process, a possible role of RGN in testicular physiology had not 
been explored. In the present study we report the expression and localization of RGN in rat 
and human testis and the effect of DHT on its expression.   


























































Expression of RGN mRNA was detected in rat and human testicular tissue (Figure 5.1A) and 
transcripts were localized both to somatic and germ cells in adult rat testis (Figure 5.1D). A 
developmentally regulated expression pattern, where a peak is reached after which levels 
decrease with aging, has been described for Rgn in rat kidney and liver tissues.  In rat kidney 
the expression of RGN mRNA starts to increase at 21 post-natal days and reaches a peak at 35 
days, levels are maintained high until 3 months when it starts to decrease, returning to the 
low levels observed prior to 21 days464. In a comparable manner, Rgn expression in liver 
increases until 10 days old, reaching a plateau that is maintained until 6.5 months, decreasing 
in senescent rats464. The authors hypothesized that the age-dependent increase of Rgn 
expression in liver and kidney was coupled with periods of maturation and differentiation for 
both tissues and suggested it as a senescence marker464. Developmental analysis shows that in 
rat testis the characteristic down-regulation of Rgn expression during aging is also observed. 
The expression of RGN mRNA increases until it reaches a maximum at 120 days of age, a 
period which corresponds to rat adulthood, decreasing afterwards with rat aging           
(Figure 5.1C).  
The results presented herein demonstrate that RGN protein is broadly expressed in rat  
(Figure 5.2A) and human (Figure 5.2B) testis, being localized to all cell types of the SeT 
epithelium, somatic as well as germ cells. Relative intensity of RGN staining appears to be 
weaker in human sections, a pattern we have consistently observed when analysing the 
localization of other proteins in human and rat testis sections (data not shown). We think that 
the use of different fixation protocols may be causing this histological artefact. Regucalcin 
immunostaining is visible in cytoplasm as well as in nucleus, which is in accordance with 
reports showing that RGN is able to translocate to the nucleus regulating DNA synthesis and 
gene expression449,465,466. This is the first report describing RGN expression and localization in 
testis of any vertebrate.  
Tight control of intracellular Ca2+ homeostasis has been shown to be of uttermost importance 
to LC steroidogenesis70,71 and maintenance of SC function67,68,467. The deleterious effects of 
Ca2+ channel blockers on male fertility emphasize even more the importance of tight Ca2+ 
regulation to spermatogenesis72-74,77,78. The common cellular localization pattern observed in 
rat and human testis, together  with the wide cellular distribution of RGN indicate a relevant 
role in testicular physiology suggesting that RGN may play a role in spermatogenesis as a Ca2+ 
homeostasis regulator in both somatic and germ cells. 
Knowing that RGN was identified as a secreted protein in a pea aphid saliva451, and 
murine452,453, rat454,455, and human plasma452 we decided to investigate its presence in STF, 
which could be confirmed by WB analysis (Figure 5.1B). The STF is produced essentially due to 
the secretory activity of SC468, which we demonstrated, by several approaches, to express 
RGN. Therefore, it is highly expected that RGN present in STF may be a secretion product of 
SC. Exogenous RGN has been shown to translocate to the nucleus being capable of altering 


























































gene expression and modulating enzyme activity in osteoblasts469 and liver cells470. 
Nevertheless, to this point, the role of SeT secreted RGN remains to be determined. 
In addition to testis we also analysed the expression and localization of RGN in other rat 
reproductive tissues: prostate, epididymis and seminal vesicles (Figure 5.3). This is the first 
time RGN expression and immunolocalization are reported in rat epididymis and seminal 
vesicles. In seminal vesicles, RGN immunostaining is confined to epithelial cells, while in 
epididymis it is also present in connective tissue and smooth muscle cells. In rat prostate RGN 
protein was detected in epithelial cells, which is in accordance with published results in rat 
and human prostatic tissue449,450. Regucalcin has been proposed to have a physiological 
function in prostate, as its expression is downregulated in prostate cancer tissues, and RGN 
immunoreactivity correlates with the grade of adenocarcinoma cellular differentiation449. 
However further studies are required to detail RGN function in these tissues. 
Administration of 17β-estradiol (E2) to rats causes an increase in the expression of RGN mRNA 
in liver471. The same effect is observed in cultured rat hepatoma cells472. Also, in osteoblastic 
cells incubation with E2 causes an up-regulation of Rgn expression, while treatment with 1,25-
dihydroxyvitamin D3 causes down-regulation of Rgn expression473. Contrarily, administration 
of E2 to rats decreases the expression of Rgn in renal cortex
474. The hormonal regulation of 
Rgn expression has also been described in sex-hormone target organs. Our group has 
described the down-regulation of Rgn expression in rat prostate and mammary gland by E2
450. 
Moreover, RGN is under-expressed in breast and prostate cancer cases and E2 up-regulated 
while DHT down-regulated RGN mRNA expression in MCF-7 and LNCaP cell lines, 
respectively449. Dihydrotestosterone, a non-aromatizable androgen, has been shown to 
stimulate spermatogenesis in a similar way to testosterone285,475,476, therefore it was used to 
analyse the effect of androgens on Rgn expression in rat SeT cultured ex vivo. Quantitative 
PCR analysis showed that DHT up-regulates RGN mRNA expression in rat cultured SeT at 24h 
of exposure (Figure 5.4A). Dihydrotestosterone up-regulation of Rgn expression is completely 
reversed by incubation with anti-androgen Flu, but not with CHX, an inhibitor of protein 
synthesis (Figure 5.4B). These data suggest the involvement of a classical genomic mechanism 
of gene expression regulation through androgen receptor, which seems not to depend of de 
novo protein synthesis. In silico analysis of the Rgn promoter region has in fact enabled the 
identification of androgen response elements upstream from transcription initiation site at 
positions -906, -915, -4126, and -5822 bp449. Nevertheless, androgens are known to increase 
intracellular [Ca2+] in a wide array of cells, namely SC279, human prostatic stromal cells477, rat 
thoracic aorta478 and human lymphocytes479. It is also known that Rgn expression is up-
regulated by increased [Ca2+]446,447. Therefore, we do not exclude that the DHT-induced rise in 
Rgn expression may be partly due to a secondary increase of intracellular Ca2+. 
Maintenance of spermatogenic epithelium homeostasis requires a fine tuning between germ 
cell proliferation and death. Apoptosis is an essential mechanism that enables the elimination 


























































of abnormal and exceeding germ cells and therefore its regulation is vital for normal 
spermatogenesis413. Up to 75% of germ cells undergo death by apoptosis in testis during the 
pubertal maturation process480. On the other hand, androgens are known to inhibit apoptosis 
of male germ cells185,305 and testosterone withdrawal stimulates their apoptosis481,482. Germ 
cell apoptosis induced by androgen deprivation seems to be associated with caspases 
activation483,484. The role of RGN controlling apoptotic cell death has been established. 
Regucalcin over-expression inhibits apoptosis induced by several factors, namely, tumour 
necrosis factor- α and thapsigargin, dibucaine and Bay K485,486, and it was suggested that it 
may regulate Akt activity487. In addition, RGN knockout mice hepatocytes are more 
susceptible to apoptotic cell death than their wild-type counterparts488. We hypothesize that 
the up-regulated expression of Rgn in SeT in response to DHT might be a mechanism by which 
androgens regulate apoptosis in testis. This is further supported by the observation that 
culture of SeT under hormone-free conditions although in presence of survival factors induces 
an up-regulation of Rgn expression similar to the one caused by treatment with DHT     
(Figure 5.4C). 
In conclusion, we demonstrate that RGN is expressed in rat and human testis and other tissues 
of male reproductive tract, namely, prostate, epididymis and seminal vesicles. In addition, 
the presence of RGN in STF was identified. Our results also indicate RGN as a novel androgen-
target gene in rat testis which may have an important role in the control of spermatogenesis. 
This opens new lines of research to explore the role of RGN and Ca2+ homeostasis in male 
spermatogenic process and fertility. 
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6. REGUCALCIN, A CALCIUM-BINDING 
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Regucalcin was first identified in 1978 as a calcium (Ca2+) binding protein443. It differs from 
common Ca2+-binding proteins such as calmodulin because it does not contain the typical ER-
hand Ca2+-binding motif489. Later it was independently identified by another group and named 
Senescence Marker Protein-30 (SMP-30), for its characteristic down regulation with aging in 
rat liver444. The expression of RGN is stimulated by Ca2+ 446,448,490 and can be regulated by 
several factors which include AP-1491, β-catenin492, and nuclear factor I-A1 (NF1-A1)493. In 
turn, NF1-A1 binding to promoter is stimulated by phosphatidylinositol-3-kinase which can be 
activated by the action of numerous hormones494. 
The functions of RGN include the regulation of intracellular Ca2+ concentration ([Ca2+]i), which 
is achieved by the regulation of the activity of Ca2+ channels, Ca2+-ATPase in the membrane of 
mitochondria and endoplasmic reticulum495,496 and (Ca2+-Mg2+)-ATPase in the plasma 
membrane497,498. Regucalcin also plays an important role in the regulation of Ca2+-dependent 
enzymes499. One of these enzymes is AMP phosphodiesterase, which degrades cyclic AMP 
(cAMP), providing a way by which RGN regulates cAMP levels in cells500,501. However, most 
enzymes in which can be regulated this way are protein kinases and phosphatases, which in 
turn will regulate other proteins502-505. Another important enzyme whose activity is regulated, 
in this case inhibited, by RGN is nitric oxide synthase506-508. Also, overexpression of RGN can 
regulate the expression of a number of genes. For example, RGN overexpression up-regulates 
the expression of Akt-1 and Bcl-2 while down-regulating the expression of Caspase-3, 
resulting in inhibition of apoptosis509. In addition RGN also inhibits Ca2+-dependent 
endonuclease activity, another anti-apoptotic RGN activity510. 
Regucalcin Expression in Male Reproductive Tract  
For a long time the study of RGN expression was focused mainly on non-reproductive tissues. 
It was shown to be expressed mainly in liver and kidney cortex446,511, but also in brain512, 
heart513, bone514, lung515, and submandibular gland516. However, RGN was also shown to be 
expressed in reproductive tissues such as the ovary517, breast and prostate449,450. 
More recently, RGN expression was studied in male rat reproductive tract518. In prostate, RGN 
mRNA and protein are localized to epithelial cells449,450,518. In rat seminal vesicles RGN 
immunoreactivity was also confined to epithelial cells while on epididymis, besides 
epithelium, RGN was also localized to smooth muscle and connective tissue518. In prostate 
RGN‟s function may be related to the regulation of cell proliferation and apoptosis, since loss 
of RGN expression is detected in prostate cancer cases and it seems to be associated to 
cancer development449.  
 In the testis, RGN mRNA was localized by in situ hybridization in all rat testicular cell 
types518. By immunohistochemistry, the broad expression of RGN protein in both rat and 



















































human testis was confirmed, showing that in both species all testicular cell types, somatic 
and germ line, express RGN (Table 6.1). This common interspecies testicular localization of 
RGN indicates that it may play an important role in testicular physiology, an idea that is 
further reinforced by its presence in seminiferous tubule fluid. The SC-secreted complex fluid 
creates the perfect environment for germ cell maturation468,519. It is known that RGN protein 
can enter cells and modulate the activity of several enzymes, including protein kinases and 
phosphatases. Regucalcin also regulates Ca2+-ATPases, which are known to play an important 
role in the mechanisms of sperm capacitation and motility520,521. Whether or not the presence 
of RGN in seminiferous tubule fluid is related to the control of testicular sperm maturation 
and function through the regulation of enzyme activities and intracellular [Ca2+]i 
concentration is unknown at this point, however it would be interesting to explore RGN 
possible actions in sperm physiology.  
Table 6.1 Localization of Regucalcin in male reproductive organs 
Tissue Cell type Reference 
Epididymis 
Epithelial, smooth muscle, and 
connective tissue 
522 
Prostate Epithelial 450,522 
Seminal vesicles Epithelial 522 
Testis 




Regucalcin Expression in Distinc Spermatogenic Phenotypes  
Human testis samples were obtained by testicular biopsy from men with obstructive 
azoospermia and conserved spermatogenesis (OAZ; n=6), hypospermatogenesis HP (n=5), and 
Sertoli cell-only syndrome (SCOS; n=6). Upon RNA extraction and cDNA synthesis RGN mRNA 
expression was determined in different groups. This was made by quantitative PCR, using 
SYBR Green mastermix (Bio-Rad, Hercules, Ca, USA) and specific primers for amplification of 
RGN (sense: gcaagtacagcgagtgacc; antisense: ttcccatcattgaagcgattg) and internal reference 
genes β2-microglobulin (sense: atgagtatgcctgccgtgtg; antisense: caaacctccatgatgctgcttac) and 
GAPDH (sense: cgccagccgagccacatc; antisense: cgcccaatacgaccaaatccg). Another interesting 
data suggesting the importance of RGN to spermatogenesis is that testis of men with HP show 
higher expression of RGN mRNA in (1.6 fold; P<0.001) relative to testis with conserved 
spermatogenesis (Figure 6.1).  




















































Figure 6.1  Expression levels of Regucalcin in testicular biopsies from men with obstructive azoospermia 
with conserved spermatogenesis (OAZ), hypospermatogenesis (HP) and Sertoli cell-only 
syndrome (SCOS) determined by quantitative PCR (qPCR); normalization was made using β2-
microglobulin and GAPDH as internal reference genes; ***P<0.001. 
Hypospermatogenesis is thought to be caused by a deregulation of cell proliferation or 
apoptosis419 and RGN has been shown to suppress cellular proliferation523,524. This raises the 
question wether the higher expression of RGN in testis of patients with HP may be causing a 
blockage in cell proliferation in this phenotype.  
Effects of Sex Steroids on Regucalcin Expression 
Regucalcin expression is regulated by numerous factors, including Ca2+ 446, insulin525, 
aldosterone474, sex steroid hormones449,450,471,474,522, amongst others (Table 6.2). The 
regulation of RGN expression by sex steroid hormones was first described in 1995471. 
Subcutaneous administration of 17β-estradiol (E2) to rats leads to a sharp increase in the 
expression of RGN mRNA in liver, which was suggested to be related to estrogen regulation of 
liver metabolism471. However, this estrogenic control of RGN expression is not limited to the 
liver, as shortly after it was reported the regulation of RGN expression by E2 in rat kidney 
cortex474. It was shown that administration of E2 to rats caused a reduction of RGN expression 
in the rat kidney cortex, an effect opposite to the one observed in liver474. More recently, the 
expression of RGN in breast and prostate has been reported, as well as its regulation by sex 
steroid hormones449,450. Administration of E2 to rats induces a down-regulation of RGN 
expression in prostate and mammary gland450. On the other hand stimulation of MCF-7 breast 
cancer cells with E2 causes an up-regulation of RGN expression by a mechanism that is likely 
to involve a membrane estrogen receptor449. In LNCaP prostate cancer cells DHT down-
regulates RGN expression by a mechanism that seems to involve the androgen receptor and de 
novo protein synthesis449.  
The differences in sex steroid regulation of RGN expression among different tissues may be 
explained by several factors474 including tissue and cell-specific expression of different steroid 
hormone receptors and the interplay between them. However, the sex steroid regulated gene 
expression can also be modulated by several different mechanisms. For instance, the gene 
expression pattern in each tissue/cell also depends on the presence and activity of 



















































coregulators (coactivators and corepressors) of the receptors transcriptional activity (for 
reviews on the subject read 272,526,527). Also, sex hormone receptor activity can be modulated 
by the co-expression of different receptors on the same cell as some of them can form 
heterodimers, for example those between AR and ERs and between different ERs528,529.  
Table 6.2 Hormonal factors regulating Regucalcin expression in reproductive and non-reproductive 
tissues 
Hormone Tissue Reference 






Calcitonin Liver 530 
5α-dihydrotestosterone Testis 522 
Dexamethasone Kidney 474 
Insulin Liver 531 
 
Regucalcin Actions in Testis Physiology  
Although RGN has been shown to be an important regulator of cellular calcium homeostasis in 
several tissues, its role in spermatogenesis is only beginning to be studied. In mammalian 
spermatogenesis [Ca2+]i variations have been shown to be pivotal in the control of 
spermatozoa motility, regulation of flagellar shape, capacitation and acrosomal reaction532-
534. Tight control of intracellular Ca2+ homeostasis has also been shown to be of critical 
importance for the maintenance of SC function67-69,467 and to LC steroidogenesis70,71. On the 
other hand Ca2+ channel blockers are known for causing negative effects on mammalian 
spermatogenesis, being associated with reversible infertility72-78. A study has also shown that 
spermatozoa of infertile men have altered dihydropyridine-sensitive Ca2+ channel activity535. 
On the other hand, the testicular localization of Ca2+ indicates that this ion is quite abundant 
in all testicular cell types, which indicates that it may play a role in cell growth and 
differentiation536 537.  
Calcium serves several important biological functions, such as acting as a second messenger in 
several transduction pathways, regulation of apoptotic cell death, among others538,539. 
Apoptosis is vital for the occurrence of normal spermatogenesis413 since about 75% of 
testicular germ cells undergo apoptosis480. Deregulation in the cell death/survival balance is 



















































thought to cause disruption of spermatogenesis430 and altered expression of apoptosis-related 
genes has been shown to be related to male infertility421-424. Regucalcin has been 
demonstrated to regulate apoptosis both in vivo and in vitro485,488. Also, it has been localized 
on all testicular cell types in both rat and human, and is also present in seminiferous tubule 
fluid, indicating a potentially important role for this protein in testicular physiology, probably 
through the control of proliferation and apoptosis522. 
Conclusion 
Regucalcin is a Ca2+ binding protein that plays important roles not only in the regulation of 
[Ca2+]i but also in the regulation of cell apoptosis and proliferation. Its expression is 
controlled by several factors which include sex steroid hormones. Regucalcin is widely 
expressed along the male reproductive tract, most notably in several cells in the testis, and 
therefore it is predicted that it might play an important role in the regulation of 
spermatogenesis. A schematic model hypothesis for the role of RGN in spermatogenesis can 
be seen in Figure 6.2. The figure shows the hypothetical RGN gene regulation pathways, 
which includes the classical action through the AR as well as other pathways triggered by 
androgens which might also be involved. It is known that PI3K, AP-1 and β-catenin 
transcription factors can regulate RGN gene expression and these factors can be activated by 
AR, therefore regulating RGN expression by a non-genomic to genomic pathway. Regucalcin 
action in the control of intracellular Ca2+ concentration by regulating the activity of Ca2+ 
pumps and channels in the plasma membrane and in the membrane of the endoplasmic 
reticulum and mitochondria. Also, it can regulate the activity of protein kinases and 
phosphatases, which in turn can regulate the activity of numerous phospho-proteins. Last but 
not least, RGN can regulate the expression of genes and the activity of proteins involved in 
apoptosis, favouring cell survival, is also depicted.  




















































Figure 6.2  Schematic representation of the potential signalling pathways involved in the control 
of regucalcin (RGN) expression in testis, and the possible roles of RGN protein in 
testicular cells. Ball-headed arrows represent inhibition. Regucalcin expression can be 
regulated by an increase in the intracellular concentration of Calcium (Ca2+) which 
activates multiple transcription factors, including PI3K, AP-1 and β-catenin. These 
transcription factors are also known to be activated by androgen (such as 5α-
dihidrotestosterone, DHT)-bound androgen receptor, which can also activate RGN 
transcription independently. In turn, RGN can increase the expression of apoptosis 
inhibitors Akt-1 and Bcl2, while repressing the expression of Caspase 3. It can also 
inhibit the activity of nitric oxide (NO) synthase and Ca2+ dependent endonucleases, 
thereby inhibiting apoptosis. RGN regulates intracellular Ca2+ concentration by 
regulating the activity of Ca2+ channels, Ca2+-ATPase in mitochondria and endoplasmic 
reticulum and (Ca2+-Mg2+)-ATPase in the plasma membrane. It can also control the 
activity of numerous proteins by inhibiting the activity of protein kinases and 
phosphatases. 
In conclusion, RGN is a protein with potential importance in the regulation of mammalian 
spermatogenesis and the study of its precise functions can improve the knowledge of the 
androgenic regulation of spermatogenesis, as well as that of the control of cell survival and 





7. SEX STEROID HORMONES AND 
APOPTOSIS REGULATORS AVEN AND 
REGUCALCIN: AN INTEGRATIVE VIEW 
IN SPERMATOGENESIS 
 














































































Spermatogenesis is a complex cellular process culminating with the release of the male 
gamets, spermatozoa, which needs to be tightly regulated in order to proceed normally. One 
of the main mechanisms of control is performed by the hypothalamus-pituitary-testicular 
axis40. Gonadotrophin-releasing hormone acts on the pituitary stimulating the secretion of 
follicle-stimulating hormone (FSH) and luteinizing hormone (LH). These two later hormones 
act on different cell types of the testis, FSH acts on Sertoli cells (SC) and LH acts on Leydig 
cells (LC). The principal function of LC is to produce sex steroid hormones from cholesterol, 
by a series of enzymatic reactions collectively called steroidogenic pathway, most precisely 
androgens like testosterone (T) and to a lesser extent 5α-dihydrotestosterone (DHT) and 
estrogens like 17β-estradiol (E2)
27,29. These sex steroid hormones play pivotal roles in the 
initiation and maintenance of spermatogenesis. The action of sex steroid hormones is 
mediated by members of the nuclear receptor superfamily, which act as ligand-activated 
transcription factors80. Androgens act through a single receptor, the androgen receptor (AR), 
while estrogens act through two receptors, estrogen receptor α (ERα) and β (ERβ). Male mice 
with a disruption of AR gene display a feminized external appearance and have severe 
disruption of spermatogenesis13,323,324. Male mice with deletion of ERα also display disrupted 
spermatogenesis201,205, in contrast with animals with disrupted ERβ which seem to have 
normal reproductive phenotype202,203.  
Estrogens and androgens have both been linked to the regulation of male germ cell survival. 
The effect of androgens, mainly T, is better characterized and it is known that the survival of 
germ cells is controlled by the action of androgens301-305. On the other hand, absence of 
endogenous E2 in aromatase deficient mice induces male infertility through progressive germ 
cell apoptosis198, which can be prevented by treatment with exogenous estrogens199. Also, 
several studies have identified E2 as a germ cell survival factor
185,213.  
This integrative view aims at discussing the various results presented throughout the thesis 
and providing conclusions that integrate the different pieces of information.  
Estrogen Receptors in Spermatogenesis: Monologue or Double 
Act? 
Estrogens were generally considered female hormones, even though the first evidence that 
estrogens played some role in male reproduction came from a study published in the 
1930‟s166. Testosterone can be converted to E2 by the action of enzyme P450 aromatase, 
which is expressed by several cell types of the testis, including LC169-172. However there is 
controversy surrounding the expression of ERs in testis. Expression patterns for ERα and ERβ 
in rodent testis have reached divergent results (Table 7.1).  
 













































































Table 7.1 Expression of ERα and ERβ in rodent testicular cells  




Sertoli cells ERβ 176,179,181,182 






Still, it is in human testis that the controversy is greater, as some studies have shown that 
both ERα and ERβ are expressed while others state that ERβ is the only receptor for estrogens 
in this tissue (Table 7.2). The divergent patterns in the detection of ERα and ERβ may result 
from the use of different antibodies and methodologies374. However, the expression of ERα 
and ERβ in human testis, both in mRNA and protein forms, has been unequivocally proven by a 
recent paper employing testicular biopsies of patients with distinct spermatogenic 
phenotypes518 (see Chapter 2 Estrogen Receptors Α and Β in Human Testis: both isoforms are 
expressed, page 25). The use of samples from men with Sertoli cell-only syndrome (i.e. 
absence of germ cells within tubules) has also proven that SC only express ERα and not ERβ518. 
Table 7.2 Expression of ERα and ERβ in human testicular cells 











Although some studies failed to detect ERα in human testis, there are indications of the 
importance of this receptor to spermatogenesis in humans. There are no reports describing 
ERβ mutations in humans, but there is one case of a disruptive mutation of ERα in a man 
which presented with reduced sperm viability193. Moreover, in humans there is an association 
between polymorphisms in the ERα gene and oligozoospermia364,365. This information adds to 
the fact that male knockout mice for ERα but not for ERβ are infertile201-203,205 to show that 
both ERs are expressed and may influence estrogenic action in testis. This information is 
valuable for the study of estrogenic actions in testis because the expression of both ERs on 
the same cell type has consequences. Each receptor has its own effects on the transactivation 
of target genes138-140. Moreover ERα and ERβ can form heterodimers141,142, modulating each 
others activity and regulating the transcription of different target genes142,143. Therefore, in 













































































tissues where both receptors are present there is interplay between them and the final 
estrogenic effect will be determined by the balance of each receptor‟s activity540. 
Androgen Receptor in Spermatogenesis: the Many Faces of a 
Single Gene 
Alternative splicing is the process which enables that one gene can give rise to a variety of 
different proteins. Events of alternative splicing are much more prevalent in tissues 
undergoing extensive developmental processes, such as the testis395,396. Within the nuclear 
receptor superfamily the existence of alternatively spliced isoforms is very common372. In the 
testis several alternative forms of ERα and ERβ have been detected123,124,126,127,191,389,391,392, and 
the regulation of ER action by these splice variants has been described126,127,191. In contrast, 
only one AR splice variant had been described so far in testis, AR45, which has been shown to 
modulate the activity of prototype AR256. Earlier in this thesis (Chapter 3 Identification and 
characterization of androgen receptor variants: tissue and vertebrate evolutive line 
expression, page 35) the existence of several potential AR splice variants was described. 
Some of them are conserved in the testis of other vertebrates being possible that they have 
an important functional role to play in the regulation of spermatogenesis and male fertility 
and to androgenic action in general. In addition, and considering the data obtained with the 
same type of ER transcripts, it is probable that these novel AR splice variants can be 
regulators of AR function in testis and other tissues. Although the role of prototype AR in 
spermatogensis in unquestionable, the precise function of these novel AR variants remains to 
be determined. 
Estrogen and Androgen Regulated Genes in Testis: a Matter of 
Life or Death? 
Estrogens and androgens act through their cognate receptors, AR and ERα/ERβ, by controling 
the expression of target genes. In the present thesis two new sex steroid target genes were 
identified in testis, Aven and Regucalcin (RGN), respectively, estrogen and androgen 
regulated522,541. Both Aven and RGN play a role in cellular physiology regulating apoptosis and 
cell proliferation (Figure 7.1). 
Aven is an inhibitor of apoptosis that acts by enhancing the activity of antiapoptotic B-cell 
lymphoma-extra large (Bcl-xL) and inhibiting the self-assembly of apoptosis-activating factor 
1 (Apaf1) units425. Bcl-xL is a member of the Bcl-2 family of apoptosis regulators which 
includes inhibitors and promoters of cell death542. Bcl-xL is able to inhibit Bax and Bak 
induced mitochondrial membrane permeabilization (MMP), an event which leads to 
cytochrome c (CytC) release and activation of Apaf1 self-assembly543. The assembly and 
activation of Apaf1 converts pro-caspase 9 into active caspase-9, leading to apoptosis. 
Therefore, Aven inhibits apoptosis by inhibiting activation of Caspase-9 by two simultaneous 













































































ways, inhibiting MMP and release of CytC and Apaf1 self-assembly (Figure 7.1). Aven also 
plays a different role in cell physiology, by modulating DNA-damage response. Aven acts as an 
ATM (ataraxia-telangiectasia) protein kinase activator, inhibiting G2/M cell cycle 
progression436,437. It seems that a small fraction of Aven protein is localized to the nucleus, 
where it regulates cell-cycle progression544. It seems that Aven is involved in a mechanism 
which enables cells with low levels of DNA damage to survive while letting cells with higher 
levels of damage to be eliminated by apoptosis436,437, which might be a potentially important 
in preventing that DNA damage can be passed on to the offspring by way of DNA-damaged 
gametes. 
Regucalcin has also been shown to suppress cell death and apoptosis (Figure 7.1) caused by 
various factors when overexpressed in numerous cell types485,486,509,524,545,546. The mechanism 
by which RGN inhibits cell death involves the increase in the activity of Ca2+-pumps545, 
decreasing the cytosolic concentration of Ca2+, but not only. Regucalcin inhibits the activity 
of Ca2+-dependent endonucleases, enzymes responsible for DNA fragmentation, a typical step 
in the events that lead to apoptosis510. Moreover, overexpression of RGN protein represses the 
expression of Caspase 3 and increases the expression of anti-apoptotic genes Akt-1 and Bcl-2, 





















































































Figure 7.1 Integrative view of the potential actions of Aven and Regucalcin (RGN) in testicular 
apoptosis. Ball-headed arrows represent inhibition. 5α-Dihydrotestosterone (DHT) up-
regulates the expression of RGN. In turn, RGN decreases intracellular calcium (Ca2+) 
concentration by increasing the activity of several Ca2+ pumps in the plasma membrane, 
endoplasmic reticulum and mitochondria. On the other hand, RGN increases the expression 
of anti-apoptotic genes Akt-1 and Bcl2, while decreasing the expression of Caspase 3. 
Finally RGN inhibits the activity of Ca2+ dependent endonucleases. 17β-Estradiol (E2) up-
regulates the expression of Aven. Most Aven stays in the cytosol but a small portion will 
localize to the nucleus. In the cytosol Aven activates Bcl-xL, which will inhibit Bax and Bak 
induced mitochondrial membrane permeability (MMP) and therefore release of cytochrome 
c (CytC). CytC release would induce Apaf-1 self-assembly, leading to the activation of 
Caspase-9, stimulating apoptosis. Aven binds and inhibits Apaf-1 self-assembly thus 
inhibiting Caspase-9 induced apoptosis by two different pathways. In the nucleus Aven can 
also activate and be phosphorylated/activated by ataraxia-telangiectasia protein kinase 
activator (ATM) in case of DNA damage, inducing G2/M cell cycle arrest and potentially 
targeting cells for apoptosis. 
Conclusion 
Androgens and estrogens play a pivotal role in the regulation of spermatogenesis. Acting 
through their nuclear receptors, sex hormones act in target cells in the testis, giving rise to 
classical (genomic) and rapid (non-genomic) actions. Therefore understanding the structure 
and cellular distribution of AR, ERα, and ERβ is a key step to decipher the action of androgens 
and estrogens in the testis. Action of estrogens in testis is now known to occur through both 
ERα and ERβ. This has consequences where it comes to the control of gene expression as 
these receptors have distinct roles in the transactivation of target genes. Although the nature 
of androgenic action seems to be simpler at first because there is only one receptor, this is 
not the case. The description of splice variants for AR adds complexity to the testicular 













































































androgenic actions. At this point the role of these variants remains to be deciphred; however 
the conservation along the evolutive line indicates that when it comes to AR, there is more 
than meets the eye. Spermatogenesis requires a fine tuning between germ cell proliferation 
and apoptosis [reviewed in413] and the importance of apoptosis in spermatogenic process has 
been confirmed by studies using genetically modified animals, with loss- or gain-of-function 
of apoptosis regulator genes, showing impaired spermatogenesis and/or infertility414-418. Both 
androgens302-305 and estrogens185,198,213 have been shown to inhibit germ cell apoptosis. Aven 
and RGN are, therefore, strong candidates as effectors of estrogenic and androgenic control 







8. CONCLUDING REMARKS 


















Hormonal regulation of spermatogenesis is a complex and multivariate process. Although it is 
clear that both androgens and estrogens are necessary for the normal occurrence of 
spermatogenesis, the precise mechanism by which these hormones exert their actions has 
gaps which are continually being filled.  
This thesis has contributed to the overall picture of sexual steroid hormonal action in testis 
and spermatogenesis by clarifying the expression of estrogen receptors (ERs) and by improving 
the current knowledge on androgen receptor (AR) alternatively spliced variants. Moreover the 
characterization of novel estrogen and androgen target genes in the testis sheds light on the 
molecular mediators orchestrating estrogenic and androgenic actions in spermatogenesis and 
consequently in male fertility.  
The identification of these “new actors” in testicular hormonal action has much potential. 
The fact that both ERs are expressed in testis has consequences in the study of regulation of 
target genes in testicular cells. On the other hand, the study of AR splice variants may 
improve the comprehension of androgen regulation of gene expression. The study of these 
variants‟ function as well as its expression and distribution may be an interesting target for 
the study of androgenic action especially in cases of idiopathic male infertility and disrupted 
spermatogenesis. Moreover, the newly identified target genes are connected with 
mechanisms of inhibition of apoptosis and control of cell proliferation, which indeed is 
coherent with some of the well recognized estrogenic and androgenic actions in 
spermatogenesis. Also, these genes were shown to be differentially expressed in testis of men 
with defective and disrupted spermatogenesis. The description of the precise functions of 
these genes in testicular physiology, as well as their possibly defective action in cases of 
infertility, has a strong potential in the study of male reproductive biology. 
We believe that the data presented herein has given a substantial contribution towards the 
full-understanding of estrogenic and androgenic actions in testis and in the regulation of 
spermatogenesis opening new lines of research which can be further explored in the study of 





















1. Huckins, C and Y Clermont, Evolution of gonocytes in the rat testis during late embryonic and 
early post-natal life. Arch Anat Histol Embryol, 1968 51(1): 341-54. 
2. Clermont, Y, Contractile elements in the limiting membrane of the seminiferous tubules of the 
rat. Exp Cell Res, 1958 15(2): 438-40. 
3. Hermo, L, M Lalli, and Y Clermont, Arrangement of connective tissue components in the walls of 
seminiferous tubules of man and monkey. Am J Anat, 1977 148(4): 433-45. 
4. Kerr, JB, KL Loveland, MK O'Bryan, and DM de Kretser, Cytology of the Testis and Intrinsic 
Control Mechanisms, in Knobil and Neill's Physiology of Reproduction (Third Edition). 2006, 
Academic Press: St Louis. p. 827-947. 
5. Hermo, L, RM Pelletier, DG Cyr, and CE Smith, Surfing the wave, cycle, life history, and 
genes/proteins expressed by testicular germ cells. Part 1: background to spermatogenesis, 
spermatogonia, and spermatocytes. Microsc Res Tech,  73(4): 241-78. 
6. Hermo, L, RM Pelletier, DG Cyr, and CE Smith, Surfing the wave, cycle, life history, and 
genes/proteins expressed by testicular germ cells. Part 5: intercellular junctions and contacts 
between germs cells and Sertoli cells and their regulatory interactions, testicular cholesterol, 
and genes/proteins associated with more than one germ cell generation. Microsc Res Tech,  
73(4): 409-94. 
7. Nussey, S and S Whitehead, Endocrinology: An Integrated Approach. 2001: Informa Healthcare. 
8. Petersen, C and O Soder, The sertoli cell--a hormonal target and 'super' nurse for germ cells that 
determines testicular size. Horm Res, 2006 66(4): 153-61. 
9. Griswold, MD, The central role of Sertoli cells in spermatogenesis. Semin Cell Dev Biol, 1998 
9(4): 411-6. 
10. Ruizeveld de Winter, JA, J Trapman, M Vermey, E Mulder, ND Zegers, and TH van der Kwast, 
Androgen receptor expression in human tissues: an immunohistochemical study. J Histochem 
Cytochem, 1991 39(7): 927-36. 
11. Suarez-Quian, CA, F Martinez-Garcia, M Nistal, and J Regadera, Androgen receptor distribution in 
adult human testis. J Clin Endocrinol Metab, 1999 84(1): 350-8. 
12. Vornberger, W, G Prins, NA Musto, and CA Suarez-Quian, Androgen receptor distribution in rat 
testis: new implications for androgen regulation of spermatogenesis. Endocrinology, 1994 
134(5): 2307-16. 
13. Holdcraft, RW and RE Braun, Androgen receptor function is required in Sertoli cells for the 
terminal differentiation of haploid spermatids. Development, 2004 131(2): 459-67. 
14. De Gendt, K, JV Swinnen, PT Saunders, L Schoonjans, M Dewerchin, A Devos, K Tan, N 
Atanassova, F Claessens, C Lecureuil, W Heyns, P Carmeliet, F Guillou, RM Sharpe, and G 
Verhoeven, A Sertoli cell-selective knockout of the androgen receptor causes spermatogenic 
arrest in meiosis. Proc Natl Acad Sci U S A, 2004 101(5): 1327-32. 
15. Chang, C, YT Chen, SD Yeh, Q Xu, RS Wang, F Guillou, H Lardy, and S Yeh, Infertility with 
defective spermatogenesis and hypotestosteronemia in male mice lacking the androgen receptor 
in Sertoli cells. Proc Natl Acad Sci U S A, 2004 101(18): 6876-81. 
16. Tsai, MY, SD Yeh, RS Wang, S Yeh, C Zhang, HY Lin, CR Tzeng, and C Chang, Differential effects 
of spermatogenesis and fertility in mice lacking androgen receptor in individual testis cells. Proc 
Natl Acad Sci U S A, 2006 103(50): 18975-80. 
17. Sertoli, E, Dell'existenza di particulari cellule ramificate nei canalicoli seminiferi dell'testicolo 
umano. Morgagni, 1865 7: 31-39. 
18. Setchell, BP, JK Voglmayr, and GM Waites, A blood-testis barrier restricting passage from blood 
into rete testis fluid but not into lymph. J Physiol, 1969 200(1): 73-85. 
19. Chemes, H, The phagocytic function of Sertoli cells: a morphological, biochemical, and 
endocrinological study of lysosomes and acid phosphatase localization in the rat testis. 
Endocrinology, 1986 119(4): 1673-81. 
20. Kerr, JB and DM de Kretser, Proceedings: The role of the Sertoli cell in phagocytosis of the 
residual bodies of spermatids. J Reprod Fertil, 1974 36(2): 439-40. 












21. Tindall, DJ, WT Schrader, and AR Means, The production of androgen binding protein by Sertoli 
Cells. Curr Top Mol Endocrinol, 1974 1: 167-75. 
22. Griswold, MD, A Solari, PS Tung, and IB Fritz, Stimulation by follicle-stimulating hormone of DNA 
synthesis and of mitosis in cultured Sertoli cells prepared from testes of immature rats. Mol Cell 
Endocrinol, 1977 7(2): 151-65. 
23. Mita, M, JM Price, and PF Hall, Stimulation by follicle-stimulating hormone of synthesis of 
lactate by Sertoli cells from rat testis. Endocrinology, 1982 110(5): 1535-41. 
24. Verhoeven, G and J Cailleau, Follicle-stimulating hormone and androgens increase the 
concentration of the androgen receptor in Sertoli cells. Endocrinology, 1988 122(4): 1541-50. 
25. Bicsak, TA, W Vale, J Vaughan, EM Tucker, S Cappel, and AJ Hsueh, Hormonal regulation of 
inhibin production by cultured Sertoli cells. Mol Cell Endocrinol, 1987 49(2-3): 211-7. 
26. Skinner, MK, SM Schlitz, and CT Anthony, Regulation of Sertoli cell differentiated function: 
testicular transferrin and androgen-binding protein expression. Endocrinology, 1989 124(6): 
3015-24. 
27. Christensen, AK and NR Mason, Comparative Ability of Seminiferous Tubules and Interstitial 
Tissue of Rat Testes to Synthesize Androgens from Progesterone-4-14c in Vitro. Endocrinology, 
1965 76: 646-56. 
28. Sato, B, RA Huseby, and LT Samuels, The possible roles of membrane organization in the activity 
of androgen biosynthetic enzymes associated with normal or tumorous mouse Leydig cell 
microsomes. Endocrinology, 1978 103(3): 805-16. 
29. Payne, AH and MP Hardy, The Leydig cell in health and disease. 2007, Totowa, NJ: Humana 
Press. p. 
30. Farkash, Y, R Timberg, and J Orly, Preparation of antiserum to rat cytochrome P-450 cholesterol 
side chain cleavage, and its use for ultrastructural localization of the immunoreactive enzyme 
by protein A-gold technique. Endocrinology, 1986 118(4): 1353-65. 
31. Zirkin, BR, LL Ewing, N Kromann, and RC Cochran, Testosterone secretion by rat, rabbit, guinea 
pig, dog, and hamster testes perfused in vitro: correlation with Leydig cell ultrastructure. 
Endocrinology, 1980 107(6): 1867-74. 
32. Turner, TT, CE Jones, SS Howards, LL Ewing, B Zegeye, and GL Gunsalus, On the androgen 
microenvironment of maturing spermatozoa. Endocrinology, 1984 115(5): 1925-32. 
33. Andersson, S and DW Russell, Structural and biochemical properties of cloned and expressed 
human and rat steroid 5 alpha-reductases. Proc Natl Acad Sci U S A, 1990 87(10): 3640-4. 
34. Payne, AH, RP Kelch, SS Musich, and ME Halpern, Intratesticular site of aromatization in the 
human. J Clin Endocrinol Metab, 1976 42(6): 1081-7. 
35. Pelletier, G, S Li, V Luu-The, Y Tremblay, A Belanger, and F Labrie, Immunoelectron microscopic 
localization of three key steroidogenic enzymes (cytochrome P450(scc), 3 beta-hydroxysteroid 
dehydrogenase and cytochrome P450(c17)) in rat adrenal cortex and gonads. J Endocrinol, 2001 
171(2): 373-83. 
36. Watson, ML, Spermatogenesis in the albino rat as revealed by electron microscopy; a preliminary 
report. Biochim Biophys Acta, 1952 8(4): 369-74. 
37. Caldwell, KA and MA Handel, Protamine transcript sharing among postmeiotic spermatids. Proc 
Natl Acad Sci U S A, 1991 88(6): 2407-11. 
38. Alberts, B, Molecular biology of the cell. 5th ed. 2008, New York: Garland Science. 1 v. (various 
pagings). 
39. Buffone, MG, JA Foster, and GL Gerton, The role of the acrosomal matrix in fertilization. Int J 
Dev Biol, 2008 52(5-6): 511-22. 
40. Holdcraft, RW and RE Braun, Hormonal regulation of spermatogenesis. Int J Androl, 2004 27(6): 
335-42. 
41. Cheng, CY, EW Wong, HH Yan, and DD Mruk, Regulation of spermatogenesis in the 
microenvironment of the seminiferous epithelium: new insights and advances. Mol Cell 
Endocrinol, 2010 315(1-2): 49-56. 
42. Randall, VA, NA Hibberts, MJ Thornton, K Hamada, AE Merrick, S Kato, TJ Jenner, I De Oliveira, 
and AG Messenger, The hair follicle: a paradoxical androgen target organ. Horm Res, 2000 54(5-
6): 243-50. 
43. Baulieu, EE, I Lasnitzki, and P Robel, Testosterone, prostate gland and hormone action. Biochem 
Biophys Res Commun, 1968 32(3): 575-7. 












44. Bilezikjian, LM, AL Blount, AM Leal, CJ Donaldson, WH Fischer, and WW Vale, 
Autocrine/paracrine regulation of pituitary function by activin, inhibin and follistatin. Mol Cell 
Endocrinol, 2004 225(1-2): 29-36. 
45. Risbridger, GP, J Clements, DM Robertson, AE Drummond, J Muir, HG Burger, and DM de Kretser, 
Immuno- and bioactive inhibin and inhibin alpha-subunit expression in rat Leydig cell cultures. 
Mol Cell Endocrinol, 1989 66(1): 119-22. 
46. Marchetti, C, M Hamdane, V Mitchell, K Mayo, L Devisme, JM Rigot, JC Beauvillain, E Hermand, 
and A Defossez, Immunolocalization of inhibin and activin alpha and betaB subunits and 
expression of corresponding messenger RNAs in the human adult testis. Biol Reprod, 2003 68(1): 
230-5. 
47. Andersson, AM, J Muller, and NE Skakkebaek, Different roles of prepubertal and postpubertal 
germ cells and Sertoli cells in the regulation of serum inhibin B levels. J Clin Endocrinol Metab, 
1998 83(12): 4451-8. 
48. Anawalt, BD, RA Bebb, AM Matsumoto, NP Groome, PJ Illingworth, AS McNeilly, and WJ Bremner, 
Serum inhibin B levels reflect Sertoli cell function in normal men and men with testicular 
dysfunction. J Clin Endocrinol Metab, 1996 81(9): 3341-5. 
49. Pierik, FH, A Burdorf, FH de Jong, and RF Weber, Inhibin B: a novel marker of spermatogenesis. 
Ann Med, 2003 35(1): 12-20. 
50. Meng, X, M Lindahl, ME Hyvonen, M Parvinen, DG de Rooij, MW Hess, A Raatikainen-Ahokas, K 
Sainio, H Rauvala, M Lakso, JG Pichel, H Westphal, M Saarma, and H Sariola, Regulation of cell 
fate decision of undifferentiated spermatogonia by GDNF. Science, 2000 287(5457): 1489-93. 
51. Yan, W, J Suominen, and J Toppari, Stem cell factor protects germ cells from apoptosis in vitro. 
J Cell Sci, 2000 113 ( Pt 1): 161-8. 
52. Josso, N, JY Picard, R Rey, and N di Clemente, Testicular anti-Mullerian hormone: history, 
genetics, regulation and clinical applications. Pediatr Endocrinol Rev, 2006 3(4): 347-58. 
53. Siu, MK, WM Lee, and CY Cheng, The interplay of collagen IV, tumor necrosis factor-alpha, 
gelatinase B (matrix metalloprotease-9), and tissue inhibitor of metalloproteases-1 in the basal 
lamina regulates Sertoli cell-tight junction dynamics in the rat testis. Endocrinology, 2003 
144(1): 371-87. 
54. Pentikainen, V, K Erkkila, L Suomalainen, M Otala, MO Pentikainen, M Parvinen, and L Dunkel, 
TNFalpha down-regulates the Fas ligand and inhibits germ cell apoptosis in the human testis. J 
Clin Endocrinol Metab, 2001 86(9): 4480-8. 
55. De, SK, HL Chen, JL Pace, JS Hunt, PF Terranova, and GC Enders, Expression of tumor necrosis 
factor-alpha in mouse spermatogenic cells. Endocrinology, 1993 133(1): 389-96. 
56. Hong, CY, JH Park, RS Ahn, SY Im, HS Choi, J Soh, SH Mellon, and K Lee, Molecular mechanism of 
suppression of testicular steroidogenesis by proinflammatory cytokine tumor necrosis factor 
alpha. Mol Cell Biol, 2004 24(7): 2593-604. 
57. Delfino, FJ, JN Boustead, C Fix, and WH Walker, NF-kappaB and TNF-alpha stimulate androgen 
receptor expression in Sertoli cells. Mol Cell Endocrinol, 2003 201(1-2): 1-12. 
58. Mauduit, C, V Besset, V Caussanel, and M Benahmed, Tumor necrosis factor alpha receptor p55 is 
under hormonal (follicle-stimulating hormone) control in testicular Sertoli cells. Biochem 
Biophys Res Commun, 1996 224(3): 631-7. 
59. Sueldo, C, RP Marrs, T Berger, OA Kletzky, and TJ O'Brien, Correlation of semen transferrin 
concentration and sperm fertilizing capacity. Am J Obstet Gynecol, 1984 150(5 Pt 1): 528-31. 
60. Orlando, C, AL Caldini, T Barni, WG Wood, CJ Strasburger, A Natali, A Maver, G Forti, and M 
Serio, Ceruloplasmin and transferrin in human seminal plasma: are they an index of 
seminiferous tubular function? Fertil Steril, 1985 43(2): 290-4. 
61. Gilmont, RR, PL Senger, SR Sylvester, and MD Griswold, Seminal transferrin and spermatogenic 
capability in the bull. Biol Reprod, 1990 43(1): 151-7. 
62. Holmes, SD, LR Bucci, LI Lipshultz, and RG Smith, Transferrin binds specifically to pachytene 
spermatocytes. Endocrinology, 1983 113(5): 1916-8. 
63. Morales, C, SR Sylvester, and MD Griswold, Transport of iron and transferrin synthesis by the 
seminiferous epithelium of the rat in vivo. Biol Reprod, 1987 37(4): 995-1005. 
64. Sylvester, SR and MD Griswold, The testicular iron shuttle: a "nurse" function of the Sertoli cells. 
J Androl, 1994 15(5): 381-5. 












65. Zalata, A, T Hafez, F Schoonjans, and F Comhaire, The possible meaning of transferrin and its 
soluble receptors in seminal plasma as markers of the seminiferous epithelium. Hum Reprod, 
1996 11(4): 761-4. 
66. Merker, HJ, J Vormann, and T Gunther, Iron-induced injury of rat testis. Andrologia, 1996 28(5): 
267-73. 
67. Grima, J, CC Wong, LJ Zhu, SD Zong, and CY Cheng, Testin secreted by Sertoli cells is associated 
with the cell surface, and its expression correlates with the disruption of Sertoli-germ cell 
junctions but not the inter-Sertoli tight junction. J Biol Chem, 1998 273(33): 21040-53. 
68. Franchi, E and M Camatini, Evidence that a Ca2+ chelator and a calmodulin blocker interfere 
with the structure of inter-Sertoli junctions. Tissue Cell, 1985 17(1): 13-25. 
69. Spruill, WA, JR Zysk, LL Tres, and AL Kierszenbaum, Calcium/calmodulin-dependent 
phosphorylation of vimentin in rat sertoli cells. Proc Natl Acad Sci U S A, 1983 80(3): 760-4. 
70. Manna, PR, P Pakarinen, T El-Hefnawy, and IT Huhtaniemi, Functional assessment of the calcium 
messenger system in cultured mouse Leydig tumor cells: regulation of human chorionic 
gonadotropin-induced expression of the steroidogenic acute regulatory protein. Endocrinology, 
1999 140(4): 1739-51. 
71. Pandey, AK, W Li, X Yin, DM Stocco, P Grammas, and X Wang, Blocking L-type calcium channels 
reduced the threshold of cAMP-induced steroidogenic acute regulatory gene expression in MA-10 
mouse Leydig cells. J Endocrinol, 2010 204(1): 67-74. 
72. Lee, JH, H Kim, DH Kim, and MC Gye, Effects of calcium channel blockers on the 
spermatogenesis and gene expression in peripubertal mouse testis. Arch Androl, 2006 52(4): 311-
8. 
73. Almeida, SA, JM Teofilo, JA Anselmo Franci, LG Brentegani, and TL Lamano-Carvalho, 
Antireproductive effect of the calcium channel blocker amlodipine in male rats. Exp Toxicol 
Pathol, 2000 52(4): 353-6. 
74. Lee, JH, HJ Ahn, SJ Lee, MC Gye, and CK Min, Effects of L- and T-type Ca(2+) channel blockers 
on spermatogenesis and steroidogenesis in the prepubertal mouse testis. J Assist Reprod Genet, 
2011 28(1): 23-30. 
75. Hershlag, A, GW Cooper, and S Benoff, Pregnancy following discontinuation of a calcium channel 
blocker in the male partner. Hum Reprod, 1995 10(3): 599-606. 
76. Katsoff, D and JH Check, A challenge to the concept that the use of calcium channel blockers 
causes reversible male infertility. Hum Reprod, 1997 12(7): 1480-2. 
77. Benoff, S, GW Cooper, I Hurley, FS Mandel, DL Rosenfeld, GM Scholl, BR Gilbert, and A Hershlag, 
The effect of calcium ion channel blockers on sperm fertilization potential. Fertil Steril, 1994 
62(3): 606-17. 
78. Juneja, R, I Gupta, A Wali, SN Sanyal, RN Chakravarti, and S Majumdar, Effect of verapamil on 
different spermatozoal functions in guinea pigs--a preliminary study. Contraception, 1990 41(2): 
179-87. 
79. Germain, P, B Staels, C Dacquet, M Spedding, and V Laudet, Overview of nomenclature of 
nuclear receptors. Pharmacol Rev, 2006 58(4): 685-704. 
80. Mangelsdorf, DJ, C Thummel, M Beato, P Herrlich, G Schutz, K Umesono, B Blumberg, P Kastner, 
M Mark, P Chambon, and RM Evans, The nuclear receptor superfamily: the second decade. Cell, 
1995 83(6): 835-9. 
81. Escriva, H, F Delaunay, and V Laudet, Ligand binding and nuclear receptor evolution. Bioessays, 
2000 22(8): 717-27. 
82. Aranda, A and A Pascual, Nuclear hormone receptors and gene expression. Physiol Rev, 2001 
81(3): 1269-304. 
83. Jensen, EV, On the mechanism of estrogen action. Perspect Biol Med, 1962 6: 47-59. 
84. Green, S, P Walter, V Kumar, A Krust, JM Bornert, P Argos, and P Chambon, Human oestrogen 
receptor cDNA: sequence, expression and homology to v-erb-A. Nature, 1986 320(6058): 134-9. 
85. Greene, GL, P Gilna, M Waterfield, A Baker, Y Hort, and J Shine, Sequence and expression of 
human estrogen receptor complementary DNA. Science, 1986 231(4742): 1150-4. 
86. Hard, T, E Kellenbach, R Boelens, BA Maler, K Dahlman, LP Freedman, J Carlstedt-Duke, KR 
Yamamoto, JA Gustafsson, and R Kaptein, Solution structure of the glucocorticoid receptor DNA-
binding domain. Science, 1990 249(4965): 157-60. 












87. Schwabe, JW, D Neuhaus, and D Rhodes, Solution structure of the DNA-binding domain of the 
oestrogen receptor. Nature, 1990 348(6300): 458-61. 
88. Shaffer, PL, A Jivan, DE Dollins, F Claessens, and DT Gewirth, Structural basis of androgen 
receptor binding to selective androgen response elements. Proc Natl Acad Sci U S A, 2004 
101(14): 4758-63. 
89. Umesono, K and RM Evans, Determinants of target gene specificity for steroid/thyroid hormone 
receptors. Cell, 1989 57(7): 1139-46. 
90. Heard, DJ, PL Norby, J Holloway, and H Vissing, Human ERRgamma, a third member of the 
estrogen receptor-related receptor (ERR) subfamily of orphan nuclear receptors: tissue-specific 
isoforms are expressed during development and in the adult. Mol Endocrinol, 2000 14(3): 382-92. 
91. Gronemeyer, H and V Laudet, Transcription factors 3: nuclear receptors. Protein Profile, 1995 
2(11): 1173-308. 
92. Enmark, E and JA Gustafsson, Oestrogen receptors - an overview. J Intern Med, 1999 246(2): 
133-8. 
93. Danielian, PS, R White, JA Lees, and MG Parker, Identification of a conserved region required for 
hormone dependent transcriptional activation by steroid hormone receptors. Embo J, 1992 
11(3): 1025-33. 
94. Wurtz, JM, W Bourguet, JP Renaud, V Vivat, P Chambon, D Moras, and H Gronemeyer, A 
canonical structure for the ligand-binding domain of nuclear receptors. Nat Struct Biol, 1996 
3(1): 87-94. 
95. Schoenmakers, E, G Verrijdt, B Peeters, G Verhoeven, W Rombauts, and F Claessens, Differences 
in DNA binding characteristics of the androgen and glucocorticoid receptors can determine 
hormone-specific responses. J Biol Chem, 2000 275(16): 12290-7. 
96. Klinge, CM, Estrogen receptor interaction with estrogen response elements. Nucleic Acids Res, 
2001 29(14): 2905-19. 
97. Simpson, ER, MS Mahendroo, GD Means, MW Kilgore, MM Hinshelwood, S Graham-Lorence, B 
Amarneh, Y Ito, CR Fisher, MD Michael, and et al., Aromatase cytochrome P450, the enzyme 
responsible for estrogen biosynthesis. Endocr Rev, 1994 15(3): 342-55. 
98. Nilsson, S, S Makela, E Treuter, M Tujague, J Thomsen, G Andersson, E Enmark, K Pettersson, M 
Warner, and JA Gustafsson, Mechanisms of estrogen action. Physiol Rev, 2001 81(4): 1535-65. 
99. Lombardi, G, S Zarrilli, A Colao, L Paesano, C Di Somma, F Rossi, and M De Rosa, Estrogens and 
health in males. Mol Cell Endocrinol, 2001 178(1-2): 51-5. 
100. Deroo, BJ and KS Korach, Estrogen receptors and human disease. J Clin Invest, 2006 116(3): 561-
70. 
101. Pais, V, I Leav, KM Lau, Z Jiang, and SM Ho, Estrogen receptor-beta expression in human 
testicular germ cell tumors. Clin Cancer Res, 2003 9(12): 4475-82. 
102. Takano, N, N Iizuka, S Hazama, S Yoshino, A Tangoku, and M Oka, Expression of estrogen 
receptor-alpha and -beta mRNAs in human gastric cancer. Cancer Lett, 2002 176(2): 129-35. 
103. Mollerup, S, K Jorgensen, G Berge, and A Haugen, Expression of estrogen receptors alpha and 
beta in human lung tissue and cell lines. Lung Cancer, 2002 37(2): 153-9. 
104. Signoretti, S and M Loda, Estrogen receptor beta in prostate cancer: brake pedal or accelerator? 
Am J Pathol, 2001 159(1): 13-6. 
105. Kuiper, GG, E Enmark, M Pelto-Huikko, S Nilsson, and JA Gustafsson, Cloning of a novel receptor 
expressed in rat prostate and ovary. Proc Natl Acad Sci U S A, 1996 93(12): 5925-30. 
106. Mosselman, S, J Polman, and R Dijkema, ER beta: identification and characterization of a novel 
human estrogen receptor. FEBS Lett, 1996 392(1): 49-53. 
107. Gosden, JR, PG Middleton, and D Rout, Localization of the human oestrogen receptor gene to 
chromosome 6q24----q27 by in situ hybridization. Cytogenet Cell Genet, 1986 43(3-4): 218-20. 
108. Menasce, LP, GR White, CJ Harrison, and JM Boyle, Localization of the estrogen receptor locus 
(ESR) to chromosome 6q25.1 by FISH and a simple post-FISH banding technique. Genomics, 1993 
17(1): 263-5. 
109. Enmark, E, M Pelto-Huikko, K Grandien, S Lagercrantz, J Lagercrantz, G Fried, M Nordenskjold, 
and JA Gustafsson, Human estrogen receptor beta-gene structure, chromosomal localization, and 
expression pattern. J Clin Endocrinol Metab, 1997 82(12): 4258-65. 
110. Szpirer, C, J Szpirer, F Tissir, E Stephanova, P Vanvooren, TW Kurtz, N Iwai, T Inagami, M 
Pravenec, V Kren, K Klinga-Levan, and G Levan, Rat chromosome 1: regional localization of seven 












genes (Slc9a3, Srd5a1, Esr, Tcp1, Grik5, Tnnt3, Jak2) and anchoring of the genetic linkage map 
to the cytogenetic map. Mamm Genome, 1997 8(9): 657-60. 
111. Taguchi, T, J Gustafsson, and K Yuri, Assignment of estrogen receptor beta (Esr2) to rat 
chromosome band 6q24 and (Estrb) to mouse chromosome band 12D1-D3 by in situ hybridization. 
Cytogenet Cell Genet, 1999 86(3-4): 233-4. 
112. Ponglikitmongkol, M, S Green, and P Chambon, Genomic organization of the human oestrogen 
receptor gene. Embo J, 1988 7(11): 3385-8. 
113. Kaneko, KJ, JD Furlow, and J Gorski, Involvement of the coding sequence for the estrogen 
receptor gene in autologous ligand-dependent down-regulation. Mol Endocrinol, 1993 7(7): 879-
88. 
114. Hatsumi, T and Y Yamamuro, Downregulation of estrogen receptor gene expression by exogenous 
17beta-estradiol in the mammary glands of lactating mice. Exp Biol Med (Maywood), 2006 
231(3): 311-6. 
115. Castles, CG, S Oesterreich, R Hansen, and SA Fuqua, Auto-regulation of the estrogen receptor 
promoter. J Steroid Biochem Mol Biol, 1997 62(2-3): 155-63. 
116. Dai, JL and KL Burnstein, Two androgen response elements in the androgen receptor coding 
region are required for cell-specific up-regulation of receptor messenger RNA. Mol Endocrinol, 
1996 10(12): 1582-94. 
117. Burnstein, KL, CM Jewell, and JA Cidlowski, Human glucocorticoid receptor cDNA contains 
sequences sufficient for receptor down-regulation. J Biol Chem, 1990 265(13): 7284-91. 
118. Tora, L, J White, C Brou, D Tasset, N Webster, E Scheer, and P Chambon, The human estrogen 
receptor has two independent nonacidic transcriptional activation functions. Cell, 1989 59(3): 
477-87. 
119. Kraus, WL, EM McInerney, and BS Katzenellenbogen, Ligand-dependent, transcriptionally 
productive association of the amino- and carboxyl-terminal regions of a steroid hormone nuclear 
receptor. Proc Natl Acad Sci U S A, 1995 92(26): 12314-8. 
120. Schultz, JR, MA Loven, VM Melvin, DP Edwards, and AM Nardulli, Differential modulation of DNA 
conformation by estrogen receptors alpha and beta. J Biol Chem, 2002 277(10): 8702-7. 
121. Picard, D, V Kumar, P Chambon, and KR Yamamoto, Signal transduction by steroid hormones: 
nuclear localization is differentially regulated in estrogen and glucocorticoid receptors. Cell 
Regul, 1990 1(3): 291-9. 
122. Flouriot, G, C Griffin, M Kenealy, V Sonntag-Buck, and F Gannon, Differentially expressed 
messenger RNA isoforms of the human estrogen receptor-alpha gene are generated by 
alternative splicing and promoter usage. Mol Endocrinol, 1998 12(12): 1939-54. 
123. Aschim, EL, T Saether, R Wiger, T Grotmol, and TB Haugen, Differential distribution of splice 
variants of estrogen receptor beta in human testicular cells suggests specific functions in 
spermatogenesis. J Steroid Biochem Mol Biol, 2004 92(1-2): 97-106. 
124. Hirata, S, T Shoda, J Kato, and K Hoshi, The novel isoform of the estrogen receptor-alpha cDNA 
(ERalpha isoform S cDNA) in the human testis. J Steroid Biochem Mol Biol, 2002 80(3): 299-305. 
125. Peng, B, B Lu, E Leygue, and LC Murphy, Putative functional characteristics of human estrogen 
receptor-beta isoforms. J Mol Endocrinol, 2003 30(1): 13-29. 
126. Inoue, S, S Ogawa, K Horie, S Hoshino, W Goto, T Hosoi, O Tsutsumi, M Muramatsu, and Y Ouchi, 
An estrogen receptor beta isoform that lacks exon 5 has dominant negative activity on both 
ERalpha and ERbeta. Biochem Biophys Res Commun, 2000 279(3): 814-9. 
127. Ogawa, S, S Inoue, T Watanabe, A Orimo, T Hosoi, Y Ouchi, and M Muramatsu, Molecular cloning 
and characterization of human estrogen receptor betacx: a potential inhibitor ofestrogen action 
in human. Nucleic Acids Res, 1998 26(15): 3505-12. 
128. Ali, S, D Metzger, JM Bornert, and P Chambon, Modulation of transcriptional activation by 
ligand-dependent phosphorylation of the human oestrogen receptor A/B region. Embo J, 1993 
12(3): 1153-60. 
129. Green, KA and JS Carroll, Oestrogen-receptor-mediated transcription and the influence of co-
factors and chromatin state. Nat Rev Cancer, 2007 7(9): 713-722. 
130. Fritsch, M, CM Leary, JD Furlow, H Ahrens, TJ Schuh, GC Mueller, and J Gorski, A ligand-induced 
conformational change in the estrogen receptor is localized in the steroid binding domain. 
Biochemistry, 1992 31(23): 5303-11. 












131. Le Goff, P, MM Montano, DJ Schodin, and BS Katzenellenbogen, Phosphorylation of the human 
estrogen receptor. Identification of hormone-regulated sites and examination of their influence 
on transcriptional activity. J Biol Chem, 1994 269(6): 4458-66. 
132. Ikeda, K, S Ogawa, T Tsukui, K Horie-Inoue, Y Ouchi, S Kato, M Muramatsu, and S Inoue, Protein 
phosphatase 5 is a negative regulator of estrogen receptor-mediated transcription. Mol 
Endocrinol, 2004 18(5): 1131-43. 
133. Chen, D, PE Pace, RC Coombes, and S Ali, Phosphorylation of human estrogen receptor alpha by 
protein kinase A regulates dimerization. Mol Cell Biol, 1999 19(2): 1002-15. 
134. Tremblay, A, GB Tremblay, F Labrie, and V Giguere, Ligand-independent recruitment of SRC-1 to 
estrogen receptor beta through phosphorylation of activation function AF-1. Mol Cell, 1999 3(4): 
513-9. 
135. Wade, CB, S Robinson, RA Shapiro, and DM Dorsa, Estrogen receptor (ER)alpha and ERbeta 
exhibit unique pharmacologic properties when coupled to activation of the mitogen-activated 
protein kinase pathway. Endocrinology, 2001 142(6): 2336-42. 
136. Klein-Hitpass, L, M Schorpp, U Wagner, and GU Ryffel, An estrogen-responsive element derived 
from the 5' flanking region of the Xenopus vitellogenin A2 gene functions in transfected human 
cells. Cell, 1986 46(7): 1053-61. 
137. Klinge, CM, FV Peale, Jr., R Hilf, RA Bambara, and S Zain, Cooperative estrogen receptor 
interaction with consensus or variant estrogen responsive elements in vitro. Cancer Res, 1992 
52(5): 1073-81. 
138. Pettersson, K, F Delaunay, and JA Gustafsson, Estrogen receptor beta acts as a dominant 
regulator of estrogen signaling. Oncogene, 2000 19(43): 4970-8. 
139. Paech, K, P Webb, GG Kuiper, S Nilsson, J Gustafsson, PJ Kushner, and TS Scanlan, Differential 
ligand activation of estrogen receptors ERalpha and ERbeta at AP1 sites. Science, 1997 
277(5331): 1508-10. 
140. Liu, MM, C Albanese, CM Anderson, K Hilty, P Webb, RM Uht, RH Price, Jr., RG Pestell, and PJ 
Kushner, Opposing action of estrogen receptors alpha and beta on cyclin D1 gene expression. J 
Biol Chem, 2002 277(27): 24353-60. 
141. Pettersson, K, K Grandien, GG Kuiper, and JA Gustafsson, Mouse estrogen receptor beta forms 
estrogen response element-binding heterodimers with estrogen receptor alpha. Mol Endocrinol, 
1997 11(10): 1486-96. 
142. Cowley, SM, S Hoare, S Mosselman, and MG Parker, Estrogen receptors alpha and beta form 
heterodimers on DNA. J Biol Chem, 1997 272(32): 19858-62. 
143. Monroe, DG, FJ Secreto, M Subramaniam, BJ Getz, S Khosla, and TC Spelsberg, Estrogen receptor 
alpha and beta heterodimers exert unique effects on estrogen- and tamoxifen-dependent gene 
expression in human U2OS osteosarcoma cells. Mol Endocrinol, 2005 19(6): 1555-68. 
144. Safe, S and K Kim, Non-classical genomic estrogen receptor (ER)/specificity protein and 
ER/activating protein-1 signaling pathways. J Mol Endocrinol, 2008 41(5): 263-75. 
145. Safe, S, Transcriptional activation of genes by 17 beta-estradiol through estrogen receptor-Sp1 
interactions. Vitam Horm, 2001 62: 231-52. 
146. Kalaitzidis, D and TD Gilmore, Transcription factor cross-talk: the estrogen receptor and NF-
kappaB. Trends Endocrinol Metab, 2005 16(2): 46-52. 
147. Mahmoodzadeh, S, E Dworatzek, S Fritschka, TH Pham, and V Regitz-Zagrosek, 17beta-Estradiol 
inhibits matrix metalloproteinase-2 transcription via MAP kinase in fibroblasts. Cardiovasc Res,  
85(4): 719-28. 
148. Pappas, TC, B Gametchu, and CS Watson, Membrane estrogen receptors identified by multiple 
antibody labeling and impeded-ligand binding. Faseb J, 1995 9(5): 404-10. 
149. Razandi, M, A Pedram, GL Greene, and ER Levin, Cell membrane and nuclear estrogen receptors 
(ERs) originate from a single transcript: studies of ERalpha and ERbeta expressed in Chinese 
hamster ovary cells. Mol Endocrinol, 1999 13(2): 307-19. 
150. Toran-Allerand, CD, X Guan, NJ MacLusky, TL Horvath, S Diano, M Singh, ES Connolly, Jr., IS 
Nethrapalli, and AA Tinnikov, ER-X: a novel, plasma membrane-associated, putative estrogen 
receptor that is regulated during development and after ischemic brain injury. J Neurosci, 2002 
22(19): 8391-401. 
151. Revankar, CM, DF Cimino, LA Sklar, JB Arterburn, and ER Prossnitz, A transmembrane 
intracellular estrogen receptor mediates rapid cell signaling. Science, 2005 307(5715): 1625-30. 












152. Levin, ER, Integration of the extranuclear and nuclear actions of estrogen. Mol Endocrinol, 2005 
19(8): 1951-9. 
153. Carascossa, S, P Dudek, B Cenni, PA Briand, and D Picard, CARM1 mediates the ligand-
independent and tamoxifen-resistant activation of the estrogen receptor alpha by cAMP. Genes 
Dev, 2010 24(7): 708-19. 
154. Bunone, G, PA Briand, RJ Miksicek, and D Picard, Activation of the unliganded estrogen receptor 
by EGF involves the MAP kinase pathway and direct phosphorylation. Embo J, 1996 15(9): 2174-
83. 
155. Picard, D, SCOPE/IUPAC project on environmental implications of endocrine active substances: 
Molecular mechanisms of cross-talk between growth factors and nuclear receptor signaling. Pure 
and Applied Chemistry, 2003 75(11-12): 1743-1756. 
156. Watson, CS, AM Norfleet, TC Pappas, and B Gametchu, Rapid actions of estrogens in GH3/B6 
pituitary tumor cells via a plasma membrane version of estrogen receptor-alpha. Steroids, 1999 
64(1-2): 5-13. 
157. Razandi, M, A Pedram, ST Park, and ER Levin, Proximal events in signaling by plasma membrane 
estrogen receptors. J Biol Chem, 2003 278(4): 2701-12. 
158. Klinge, CM, KA Blankenship, KE Risinger, S Bhatnagar, EL Noisin, WK Sumanasekera, L Zhao, DM 
Brey, and RS Keynton, Resveratrol and estradiol rapidly activate MAPK signaling through 
estrogen receptors alpha and beta in endothelial cells. J Biol Chem, 2005 280(9): 7460-8. 
159. Improta-Brears, T, AR Whorton, F Codazzi, JD York, T Meyer, and DP McDonnell, Estrogen-
induced activation of mitogen-activated protein kinase requires mobilization of intracellular 
calcium. Proc Natl Acad Sci U S A, 1999 96(8): 4686-91. 
160. Kelly, MJ, AH Lagrange, EJ Wagner, and OK Ronnekleiv, Rapid effects of estrogen to modulate G 
protein-coupled receptors via activation of protein kinase A and protein kinase C pathways. 
Steroids, 1999 64(1-2): 64-75. 
161. Morley, P, JF Whitfield, BC Vanderhyden, BK Tsang, and JL Schwartz, A new, nongenomic 
estrogen action: the rapid release of intracellular calcium. Endocrinology, 1992 131(3): 1305-12. 
162. Stefano, GB, V Prevot, JC Beauvillain, P Cadet, C Fimiani, I Welters, GL Fricchione, C Breton, P 
Lassalle, M Salzet, and TV Bilfinger, Cell-surface estrogen receptors mediate calcium-dependent 
nitric oxide release in human endothelia. Circulation, 2000 101(13): 1594-7. 
163. Aronica, SM, WL Kraus, and BS Katzenellenbogen, Estrogen action via the cAMP signaling 
pathway: stimulation of adenylate cyclase and cAMP-regulated gene transcription. Proc Natl 
Acad Sci U S A, 1994 91(18): 8517-21. 
164. Russell, KS, MP Haynes, D Sinha, E Clerisme, and JR Bender, Human vascular endothelial cells 
contain membrane binding sites for estradiol, which mediate rapid intracellular signaling. Proc 
Natl Acad Sci U S A, 2000 97(11): 5930-5. 
165. Kampa, M, AP Nifli, I Charalampopoulos, VI Alexaki, PA Theodoropoulos, EN Stathopoulos, A 
Gravanis, and E Castanas, Opposing effects of estradiol- and testosterone-membrane binding 
sites on T47D breast cancer cell apoptosis. Exp Cell Res, 2005 307(1): 41-51. 
166. Zondek, B, Mass excretion of oestrogenic hormone in the urine of the stallion. Nature, 1934 
133(3354): 209-2010. 
167. Carreau, S and RA Hess, Oestrogens and spermatogenesis. Philos Trans R Soc Lond B Biol Sci,  
365(1546): 1517-35. 
168. O'Donnell, L, KM Robertson, ME Jones, and ER Simpson, Estrogen and spermatogenesis. Endocr 
Rev, 2001 22(3): 289-318. 
169. Inkster, S, W Yue, and A Brodie, Human testicular aromatase: immunocytochemical and 
biochemical studies. J Clin Endocrinol Metab, 1995 80(6): 1941-7. 
170. Carreau, S, C Genissel, B Bilinska, and J Levallet, Sources of oestrogen in the testis and 
reproductive tract of the male. Int J Androl, 1999 22(4): 211-23. 
171. Rago, V, B Bilinska, A Palma, S Ando, and A Carpino, Evidence of aromatase localization in 
cytoplasmic droplet of human immature ejaculated spermatozoa. Folia Histochem Cytobiol, 2003 
41(1): 23-7. 
172. Hess, RA, D Bunick, and JM Bahr, Sperm, a source of estrogen. Environ Health Perspect, 1995 103 
Suppl 7: 59-62. 
173. Matthiesson, KL, PG Stanton, L O'Donnell, SJ Meachem, JK Amory, R Berger, WJ Bremner, and RI 
McLachlan, Effects of testosterone and levonorgestrel combined with a 5alpha-reductase 












inhibitor or gonadotropin-releasing hormone antagonist on spermatogenesis and intratesticular 
steroid levels in normal men. J Clin Endocrinol Metab, 2005 90(10): 5647-55. 
174. Roth, MY, K Lin, JK Amory, AM Matsumoto, BD Anawalt, CN Snyder, TF Kalhorn, WJ Bremner, and 
ST Page, Serum LH correlates highly with intratesticular steroid levels in normal men. J Androl, 
2010 31(2): 138-45. 
175. Winters, SJ and J Takahashi, Estrogens and cytosolic estrogen receptors in aged male rats. J 
Androl, 1983 4(3): 171-4. 
176. Pelletier, G, C Labrie, and F Labrie, Localization of oestrogen receptor alpha, oestrogen 
receptor beta and androgen receptors in the rat reproductive organs. J Endocrinol, 2000 165(2): 
359-70. 
177. Fisher, JS, MR Millar, G Majdic, PT Saunders, HM Fraser, and RM Sharpe, Immunolocalisation of 
oestrogen receptor-alpha within the testis and excurrent ducts of the rat and marmoset monkey 
from perinatal life to adulthood. J Endocrinol, 1997 153(3): 485-95. 
178. Zhou, X, A Kudo, H Kawakami, and H Hirano, Immunohistochemical localization of androgen 
receptor in mouse testicular germ cells during fetal and postnatal development. Anat Rec, 1996 
245(3): 509-18. 
179. Zhou, Q, R Nie, GS Prins, PT Saunders, BS Katzenellenbogen, and RA Hess, Localization of 
androgen and estrogen receptors in adult male mouse reproductive tract. J Androl, 2002 23(6): 
870-81. 
180. Saunders, PT, JS Fisher, RM Sharpe, and MR Millar, Expression of oestrogen receptor beta (ER 
beta) occurs in multiple cell types, including some germ cells, in the rat testis. J Endocrinol, 
1998 156(3): R13-7. 
181. van Pelt, AM, DG de Rooij, B van der Burg, PT van der Saag, JA Gustafsson, and GG Kuiper, 
Ontogeny of estrogen receptor-beta expression in rat testis. Endocrinology, 1999 140(1): 478-83. 
182. Saunders, PT, SM Maguire, J Gaughan, and MR Millar, Expression of oestrogen receptor beta (ER 
beta) in multiple rat tissues visualised by immunohistochemistry. J Endocrinol, 1997 154(3): 
R13-6. 
183. Pelletier, G and M El-Alfy, Immunocytochemical localization of estrogen receptors alpha and 
beta in the human reproductive organs. J Clin Endocrinol Metab, 2000 85(12): 4835-40. 
184. Taylor, AH and F Al-Azzawi, Immunolocalisation of oestrogen receptor beta in human tissues. J 
Mol Endocrinol, 2000 24(1): 145-55. 
185. Pentikainen, V, K Erkkila, L Suomalainen, M Parvinen, and L Dunkel, Estradiol acts as a germ cell 
survival factor in the human testis in vitro. J Clin Endocrinol Metab, 2000 85(5): 2057-67. 
186. Durkee, TJ, M Mueller, and M Zinaman, Identification of estrogen receptor protein and 
messenger ribonucleic acid in human spermatozoa. Am J Obstet Gynecol, 1998 178(6): 1288-97. 
187. Lambard, S, I Galeraud-Denis, PT Saunders, and S Carreau, Human immature germ cells and 
ejaculated spermatozoa contain aromatase and oestrogen receptors. J Mol Endocrinol, 2004 
32(1): 279-89. 
188. Aquila, S, D Sisci, M Gentile, E Middea, S Catalano, A Carpino, V Rago, and S Ando, Estrogen 
receptor (ER)alpha and ER beta are both expressed in human ejaculated spermatozoa: evidence 
of their direct interaction with phosphatidylinositol-3-OH kinase/Akt pathway. J Clin Endocrinol 
Metab, 2004 89(3): 1443-51. 
189. Solakidi, S, AM Psarra, S Nikolaropoulos, and CE Sekeris, Estrogen receptors alpha and beta 
(ERalpha and ERbeta) and androgen receptor (AR) in human sperm: localization of ERbeta and AR 
in mitochondria of the midpiece. Hum Reprod, 2005 20(12): 3481-7. 
190. Saunders, PT, RM Sharpe, K Williams, S Macpherson, H Urquart, DS Irvine, and MR Millar, 
Differential expression of oestrogen receptor alpha and beta proteins in the testes and male 
reproductive system of human and non-human primates. Mol Hum Reprod, 2001 7(3): 227-36. 
191. Saunders, PT, MR Millar, S Macpherson, DS Irvine, NP Groome, LR Evans, RM Sharpe, and GA 
Scobie, ERbeta1 and the ERbeta2 splice variant (ERbetacx/beta2) are expressed in distinct cell 
populations in the adult human testis. J Clin Endocrinol Metab, 2002 87(6): 2706-15. 
192. Makinen, S, S Makela, Z Weihua, M Warner, B Rosenlund, S Salmi, O Hovatta, and JA Gustafsson, 
Localization of oestrogen receptors alpha and beta in human testis. Mol Hum Reprod, 2001 7(6): 
497-503. 
193. Smith, EP, J Boyd, GR Frank, H Takahashi, RM Cohen, B Specker, TC Williams, DB Lubahn, and KS 
Korach, Estrogen resistance caused by a mutation in the estrogen-receptor gene in a man. N Engl 
J Med, 1994 331(16): 1056-61. 












194. Lanfranco, F, L Zirilli, M Baldi, E Pignatti, G Corneli, E Ghigo, G Aimaretti, C Carani, and V 
Rochira, A novel mutation in the human aromatase gene: insights on the relationship among 
serum estradiol, longitudinal growth and bone mineral density in an adult man under estrogen 
replacement treatment. Bone, 2008 43(3): 628-35. 
195. Carani, C, K Qin, M Simoni, M Faustini-Fustini, S Serpente, J Boyd, KS Korach, and ER Simpson, 
Effect of testosterone and estradiol in a man with aromatase deficiency. N Engl J Med, 1997 
337(2): 91-5. 
196. Herrmann, BL, B Saller, OE Janssen, P Gocke, A Bockisch, H Sperling, K Mann, and M Broecker, 
Impact of estrogen replacement therapy in a male with congenital aromatase deficiency caused 
by a novel mutation in the CYP19 gene. J Clin Endocrinol Metab, 2002 87(12): 5476-84. 
197. Fisher, CR, KH Graves, AF Parlow, and ER Simpson, Characterization of mice deficient in 
aromatase (ArKO) because of targeted disruption of the cyp19 gene. Proc Natl Acad Sci U S A, 
1998 95(12): 6965-70. 
198. Robertson, KM, L O'Donnell, ME Jones, SJ Meachem, WC Boon, CR Fisher, KH Graves, RI 
McLachlan, and ER Simpson, Impairment of spermatogenesis in mice lacking a functional 
aromatase (cyp 19) gene. Proc Natl Acad Sci U S A, 1999 96(14): 7986-91. 
199. Robertson, KM, L O'Donnell, ER Simpson, and ME Jones, The phenotype of the aromatase 
knockout mouse reveals dietary phytoestrogens impact significantly on testis function. 
Endocrinology, 2002 143(8): 2913-21. 
200. Lubahn, DB, JS Moyer, TS Golding, JF Couse, KS Korach, and O Smithies, Alteration of 
reproductive function but not prenatal sexual development after insertional disruption of the 
mouse estrogen receptor gene. Proc Natl Acad Sci U S A, 1993 90(23): 11162-6. 
201. Eddy, EM, TF Washburn, DO Bunch, EH Goulding, BC Gladen, DB Lubahn, and KS Korach, Targeted 
disruption of the estrogen receptor gene in male mice causes alteration of spermatogenesis and 
infertility. Endocrinology, 1996 137(11): 4796-805. 
202. Krege, JH, JB Hodgin, JF Couse, E Enmark, M Warner, JF Mahler, M Sar, KS Korach, JA 
Gustafsson, and O Smithies, Generation and reproductive phenotypes of mice lacking estrogen 
receptor beta. Proc Natl Acad Sci U S A, 1998 95(26): 15677-82. 
203. Ogawa, S, J Chan, AE Chester, JA Gustafsson, KS Korach, and DW Pfaff, Survival of reproductive 
behaviors in estrogen receptor beta gene-deficient (betaERKO) male and female mice. Proc Natl 
Acad Sci U S A, 1999 96(22): 12887-92. 
204. Couse, JF, SC Hewitt, DO Bunch, M Sar, VR Walker, BJ Davis, and KS Korach, Postnatal sex 
reversal of the ovaries in mice lacking estrogen receptors alpha and beta. Science, 1999 
286(5448): 2328-31. 
205. Hess, RA, D Bunick, KH Lee, J Bahr, JA Taylor, KS Korach, and DB Lubahn, A role for oestrogens 
in the male reproductive system. Nature, 1997 390(6659): 509-12. 
206. Daston, GP, JW Gooch, WJ Breslin, DL Shuey, AI Nikiforov, TA Fico, and JW Gorsuch, 
Environmental estrogens and reproductive health: a discussion of the human and environmental 
data. Reprod Toxicol, 1997 11(4): 465-81. 
207. Sharpe, RM and NE Skakkebaek, Are oestrogens involved in falling sperm counts and disorders of 
the male reproductive tract? Lancet, 1993 341(8857): 1392-5. 
208. Toppari, J, JC Larsen, P Christiansen, A Giwercman, P Grandjean, LJ Guillette, Jr., B Jegou, TK 
Jensen, P Jouannet, N Keiding, H Leffers, JA McLachlan, O Meyer, J Muller, E Rajpert-De Meyts, T 
Scheike, R Sharpe, J Sumpter, and NE Skakkebaek, Male reproductive health and environmental 
xenoestrogens. Environ Health Perspect, 1996 104 Suppl 4: 741-803. 
209. Nair, R and C Shaha, Diethylstilbestrol induces rat spermatogenic cell apoptosis in vivo through 
increased expression of spermatogenic cell Fas/FasL system. J Biol Chem, 2003 278(8): 6470-81. 
210. Atanassova, N, C McKinnell, M Walker, KJ Turner, JS Fisher, M Morley, MR Millar, NP Groome, and 
RM Sharpe, Permanent effects of neonatal estrogen exposure in rats on reproductive hormone 
levels, Sertoli cell number, and the efficiency of spermatogenesis in adulthood. Endocrinology, 
1999 140(11): 5364-73. 
211. Walczak-Jedrzejowska, R, J Slowikowska-Hilczer, K Marchlewsk, E Oszukowska, and K Kula, 
During seminiferous tubule maturation testosterone and synergistic action of FSH with estradiol 
support germ cell survival while estradiol alone has pro-apoptotic effect. Folia Histochem 
Cytobiol, 2007 45 Suppl 1: S59-64. 
212. Walczak-Jedrzejowska, R, J Slowikowska-Hilczer, K Marchlewska, and K Kula, Maturation, 
proliferation and apoptosis of seminal tubule cells at puberty after administration of estradiol, 
follicle stimulating hormone or both. Asian J Androl, 2008 10(4): 585-92. 












213. D'Souza, R, MK Gill-Sharma, S Pathak, N Kedia, R Kumar, and N Balasinor, Effect of high 
intratesticular estrogen on the seminiferous epithelium in adult male rats. Mol Cell Endocrinol, 
2005 241(1-2): 41-8. 
214. Chimento, A, R Sirianni, C Delalande, D Silandre, C Bois, S Ando, M Maggiolini, S Carreau, and V 
Pezzi, 17 beta-estradiol activates rapid signaling pathways involved in rat pachytene 
spermatocytes apoptosis through GPR30 and ER alpha. Mol Cell Endocrinol,  320(1-2): 136-44. 
215. Thuillier, R, G Manku, Y Wang, and M Culty, Changes in MAPK pathway in neonatal and adult 
testis following fetal estrogen exposure and effects on rat testicular cells. Microsc Res Tech, 
2009 72(11): 773-86. 
216. Islinger, M, D Willimski, A Volkl, and T Braunbeck, Effects of 17a-ethinylestradiol on the 
expression of three estrogen-responsive genes and cellular ultrastructure of liver and testes in 
male zebrafish. Aquat Toxicol, 2003 62(2): 85-103. 
217. Turner, KJ, M Morley, S MacPherson, MR Millar, JA Wilson, RM Sharpe, and PT Saunders, 
Modulation of gene expression by androgen and oestrogens in the testis and prostate of the 
adult rat following androgen withdrawal. Mol Cell Endocrinol, 2001 178(1-2): 73-87. 
218. Balasinor, NH, R D'Souza, P Nanaware, S Idicula-Thomas, N Kedia-Mokashi, Z He, and M Dym, 
Effect of high intratesticular estrogen on global gene expression and testicular cell number in 
rats. Reprod Biol Endocrinol,  8: 72. 
219. Pinto, PI, HR Teodosio, M Galay-Burgos, DM Power, GE Sweeney, and AV Canario, Identification 
of estrogen-responsive genes in the testis of sea bream (Sparus auratus) using suppression 
subtractive hybridization. Mol Reprod Dev, 2006 73(3): 318-29. 
220. Warita, K, T Mitsuhashi, T Sugawara, Y Tabuchi, T Tanida, ZY Wang, Y Matsumoto, T Yokoyama, 
H Kitagawa, T Miki, Y Takeuchi, and N Hoshi, Direct effects of diethylstilbestrol on the gene 
expression of the cholesterol side-chain cleavage enzyme (P450scc) in testicular Leydig cells. 
Life Sci,  87(9-10): 281-5. 
221. Nishizawa, H, M Morita, M Sugimoto, S Imanishi, and N Manabe, Effects of in utero exposure to 
bisphenol A on mRNA expression of arylhydrocarbon and retinoid receptors in murine embryos. J 
Reprod Dev, 2005 51(3): 315-24. 
222. Sofikitis, N, N Giotitsas, P Tsounapi, D Baltogiannis, D Giannakis, and N Pardalidis, Hormonal 
regulation of spermatogenesis and spermiogenesis. J Steroid Biochem Mol Biol, 2008 109(3-5): 
323-30. 
223. Kimura, N, A Mizokami, T Oonuma, H Sasano, and H Nagura, Immunocytochemical localization of 
androgen receptor with polyclonal antibody in paraffin-embedded human tissues. J Histochem 
Cytochem, 1993 41(5): 671-8. 
224. Ruizeveld de Winter, JA, Immunocytochemical localization of androgen receptor with polyclonal 
antibody in paraffin-embedded human tissues. J Histochem Cytochem, 1994 42(1): 125-6. 
225. Catalano, MG, U Pfeffer, M Raineri, P Ferro, A Curto, P Capuzzi, F Corno, L Berta, and N 
Fortunati, Altered expression of androgen-receptor isoforms in human colon-cancer tissues. Int J 
Cancer, 2000 86(3): 325-30. 
226. Heinlein, CA and C Chang, Androgen receptor in prostate cancer. Endocr Rev, 2004 25(2): 276-
308. 
227. Dehm, SM and DJ Tindall, Androgen receptor structural and functional elements: role and 
regulation in prostate cancer. Mol Endocrinol, 2007 21(12): 2855-63. 
228. Nicolas Diaz-Chico, B, F German Rodriguez, A Gonzalez, R Ramirez, C Bilbao, A Cabrera de Leon, 
A Aguirre Jaime, R Chirino, D Navarro, and JC Diaz-Chico, Androgens and androgen receptors in 
breast cancer. J Steroid Biochem Mol Biol, 2007 105(1-5): 1-15. 
229. Vastermark, A, YL Giwercman, O Hagstromer, ER De-Meyts, J Eberhard, O Stahl, GC Cedermark, 
H Rastkhani, G Daugaard, S Arver, and A Giwercman, Polymorphic variation in the androgen 
receptor gene: association with risk of testicular germ cell cancer and metastatic disease. Eur J 
Cancer, 2011 47(3): 413-9. 
230. Davis-Dao, CA, ED Tuazon, RZ Sokol, and VK Cortessis, Male infertility and variation in CAG 
repeat length in the androgen receptor gene: a meta-analysis. J Clin Endocrinol Metab, 2007 
92(11): 4319-26. 
231. Hiort, O and PM Holterhus, Androgen insensitivity and male infertility. Int J Androl, 2003 26(1): 
16-20. 
232. Hughes, IA and A Deeb, Androgen resistance. Best Pract Res Clin Endocrinol Metab, 2006 20(4): 
577-98. 












233. Lubahn, DB, TR Brown, JA Simental, HN Higgs, CJ Migeon, EM Wilson, and FS French, Sequence of 
the intron/exon junctions of the coding region of the human androgen receptor gene and 
identification of a point mutation in a family with complete androgen insensitivity. Proc Natl 
Acad Sci U S A, 1989 86(23): 9534-8. 
234. Migeon, BR, TR Brown, J Axelman, and CJ Migeon, Studies of the locus for androgen receptor: 
localization on the human X chromosome and evidence for homology with the Tfm locus in the 
mouse. Proc Natl Acad Sci U S A, 1981 78(10): 6339-43. 
235. Kuiper, GG, PW Faber, HC van Rooij, JA van der Korput, C Ris-Stalpers, P Klaassen, J Trapman, 
and AO Brinkmann, Structural organization of the human androgen receptor gene. J Mol 
Endocrinol, 1989 2(3): R1-4. 
236. Faber, PW, HC van Rooij, HJ Schipper, AO Brinkmann, and J Trapman, Two different, 
overlapping pathways of transcription initiation are active on the TATA-less human androgen 
receptor promoter. The role of Sp1. J Biol Chem, 1993 268(13): 9296-301. 
237. Quarmby, VE, WG Yarbrough, DB Lubahn, FS French, and EM Wilson, Autologous down-regulation 
of androgen receptor messenger ribonucleic acid. Mol Endocrinol, 1990 4(1): 22-8. 
238. Prins, GS and C Woodham, Autologous regulation of androgen receptor messenger ribonucleic 
acid in the separate lobes of the rat prostate gland. Biol Reprod, 1995 53(3): 609-19. 
239. Ikeuchi, T, T Todo, T Kobayashi, and Y Nagahama, cDNA cloning of a novel androgen receptor 
subtype. J Biol Chem, 1999 274(36): 25205-9. 
240. Wilson, CM and MJ McPhaul, A and B forms of the androgen receptor are present in human 
genital skin fibroblasts. Proc Natl Acad Sci U S A, 1994 91(4): 1234-8. 
241. Gregory, CW, KG Hamil, D Kim, SH Hall, TG Pretlow, JL Mohler, and FS French, Androgen 
receptor expression in androgen-independent prostate cancer is associated with increased 
expression of androgen-regulated genes. Cancer Res, 1998 58(24): 5718-24. 
242. Gao, T and MJ McPhaul, Functional activities of the A and B forms of the human androgen 
receptor in response to androgen receptor agonists and antagonists. Mol Endocrinol, 1998 12(5): 
654-63. 
243. Liegibel, UM, U Sommer, I Boercsoek, U Hilscher, A Bierhaus, HU Schweikert, P Nawroth, and C 
Kasperk, Androgen receptor isoforms AR-A and AR-B display functional differences in cultured 
human bone cells and genital skin fibroblasts. Steroids, 2003 68(14): 1179-87. 
244. Jenster, G, HA van der Korput, J Trapman, and AO Brinkmann, Identification of two transcription 
activation units in the N-terminal domain of the human androgen receptor. J Biol Chem, 1995 
270(13): 7341-6. 
245. Simental, JA, M Sar, MV Lane, FS French, and EM Wilson, Transcriptional activation and nuclear 
targeting signals of the human androgen receptor. J Biol Chem, 1991 266(1): 510-8. 
246. Zilliacus, J, AP Wright, J Carlstedt-Duke, and JA Gustafsson, Structural determinants of DNA-
binding specificity by steroid receptors. Mol Endocrinol, 1995 9(4): 389-400. 
247. Zhou, ZX, M Sar, JA Simental, MV Lane, and EM Wilson, A ligand-dependent bipartite nuclear 
targeting signal in the human androgen receptor. Requirement for the DNA-binding domain and 
modulation by NH2-terminal and carboxyl-terminal sequences. J Biol Chem, 1994 269(18): 
13115-23. 
248. Sack, JS, KF Kish, C Wang, RM Attar, SE Kiefer, Y An, GY Wu, JE Scheffler, ME Salvati, SR Krystek, 
Jr., R Weinmann, and HM Einspahr, Crystallographic structures of the ligand-binding domains of 
the androgen receptor and its T877A mutant complexed with the natural agonist 
dihydrotestosterone. Proc Natl Acad Sci U S A, 2001 98(9): 4904-9. 
249. Gao, W and JT Dalton, Expanding the therapeutic use of androgens via selective androgen 
receptor modulators (SARMs). Drug Discov Today, 2007 12(5-6): 241-8. 
250. Gao, W, CE Bohl, and JT Dalton, Chemistry and structural biology of androgen receptor. Chem 
Rev, 2005 105(9): 3352-70. 
251. Chamberlain, NL, ED Driver, and RL Miesfeld, The length and location of CAG trinucleotide 
repeats in the androgen receptor N-terminal domain affect transactivation function. Nucleic 
Acids Res, 1994 22(15): 3181-6. 
252. Buchanan, G, M Yang, A Cheong, JM Harris, RA Irvine, PF Lambert, NL Moore, M Raynor, PJ 
Neufing, GA Coetzee, and WD Tilley, Structural and functional consequences of glutamine tract 
variation in the androgen receptor. Hum Mol Genet, 2004 13(16): 1677-92. 












253. Lundin, KB, YL Giwercman, L Rylander, L Hagmar, and A Giwercman, Androgen receptor gene 
GGN repeat length and reproductive characteristics in young Swedish men. Eur J Endocrinol, 
2006 155(2): 347-54. 
254. Brockschmidt, FF, MM Nothen, and AM Hillmer, The two most common alleles of the coding GGN 
repeat in the androgen receptor gene cause differences in protein function. J Mol Endocrinol, 
2007 39(1): 1-8. 
255. Lundin, KB, A Giwercman, N Dizeyi, and YL Giwercman, Functional in vitro characterisation of 
the androgen receptor GGN polymorphism. Mol Cell Endocrinol, 2007 264(1-2): 184-7. 
256. Ahrens-Fath, I, O Politz, C Geserick, and B Haendler, Androgen receptor function is modulated 
by the tissue-specific AR45 variant. Febs J, 2005 272(1): 74-84. 
257. Zhu, X, AA Daffada, CM Chan, and M Dowsett, Identification of an exon 3 deletion splice variant 
androgen receptor mRNA in human breast cancer. Int J Cancer, 1997 72(4): 574-80. 
258. Jagla, M, M Feve, P Kessler, G Lapouge, E Erdmann, S Serra, JP Bergerat, and J Ceraline, A 
splicing variant of the androgen receptor detected in a metastatic prostate cancer exhibits 
exclusively cytoplasmic actions. Endocrinology, 2007 148(9): 4334-43. 
259. Dehm, SM, LJ Schmidt, HV Heemers, RL Vessella, and DJ Tindall, Splicing of a novel androgen 
receptor exon generates a constitutively active androgen receptor that mediates prostate cancer 
therapy resistance. Cancer Res, 2008 68(13): 5469-77. 
260. Hu, R, TA Dunn, S Wei, S Isharwal, RW Veltri, E Humphreys, M Han, AW Partin, RL Vessella, WB 
Isaacs, GS Bova, and J Luo, Ligand-independent androgen receptor variants derived from splicing 
of cryptic exons signify hormone-refractory prostate cancer. Cancer Res, 2009 69(1): 16-22. 
261. Guo, Z, X Yang, F Sun, R Jiang, DE Linn, H Chen, H Chen, X Kong, J Melamed, CG Tepper, HJ 
Kung, AM Brodie, J Edwards, and Y Qiu, A novel androgen receptor splice variant is up-regulated 
during prostate cancer progression and promotes androgen depletion-resistant growth. Cancer 
Res, 2009 69(6): 2305-13. 
262. Schaufele, F, X Carbonell, M Guerbadot, S Borngraeber, MS Chapman, AA Ma, JN Miner, and MI 
Diamond, The structural basis of androgen receptor activation: intramolecular and 
intermolecular amino-carboxy interactions. Proc Natl Acad Sci U S A, 2005 102(28): 9802-7. 
263. Veldscholte, J, CA Berrevoets, ND Zegers, TH van der Kwast, JA Grootegoed, and E Mulder, 
Hormone-induced dissociation of the androgen receptor-heat-shock protein complex: use of a 
new monoclonal antibody to distinguish transformed from nontransformed receptors. 
Biochemistry, 1992 31(32): 7422-30. 
264. Gioeli, D, SB Ficarro, JJ Kwiek, D Aaronson, M Hancock, AD Catling, FM White, RE Christian, RE 
Settlage, J Shabanowitz, DF Hunt, and MJ Weber, Androgen receptor phosphorylation. 
Regulation and identification of the phosphorylation sites. J Biol Chem, 2002 277(32): 29304-14. 
265. Cutress, ML, HC Whitaker, IG Mills, M Stewart, and DE Neal, Structural basis for the nuclear 
import of the human androgen receptor. J Cell Sci, 2008 121(Pt 7): 957-68. 
266. Blok, LJ, PE de Ruiter, and AO Brinkmann, Forskolin-induced dephosphorylation of the androgen 
receptor impairs ligand binding. Biochemistry, 1998 37(11): 3850-7. 
267. Mahajan, K, S Challa, D Coppola, H Lawrence, Y Luo, H Gevariya, W Zhu, YA Chen, NJ Lawrence, 
and NP Mahajan, Effect of Ack1 tyrosine kinase inhibitor on ligand-independent androgen 
receptor activity. Prostate, 2010 70(12): 1274-85. 
268. Wong, CI, ZX Zhou, M Sar, and EM Wilson, Steroid requirement for androgen receptor 
dimerization and DNA binding. Modulation by intramolecular interactions between the NH2-
terminal and steroid-binding domains. J Biol Chem, 1993 268(25): 19004-12. 
269. Claessens, F, G Verrijdt, E Schoenmakers, A Haelens, B Peeters, G Verhoeven, and W Rombauts, 
Selective DNA binding by the androgen receptor as a mechanism for hormone-specific gene 
regulation. J Steroid Biochem Mol Biol, 2001 76(1-5): 23-30. 
270. Gobinet, J, N Poujol, and C Sultan, Molecular action of androgens. Mol Cell Endocrinol, 2002 
198(1-2): 15-24. 
271. Centenera, MM, JM Harris, WD Tilley, and LM Butler, The contribution of different androgen 
receptor domains to receptor dimerization and signaling. Mol Endocrinol, 2008 22(11): 2373-82. 
272. Heinlein, CA and C Chang, Androgen receptor (AR) coregulators: an overview. Endocr Rev, 2002 
23(2): 175-200. 
273. Shang, Y, M Myers, and M Brown, Formation of the androgen receptor transcription complex. Mol 
Cell, 2002 9(3): 601-10. 












274. Claessens, F, P Alen, A Devos, B Peeters, G Verhoeven, and W Rombauts, The androgen-specific 
probasin response element 2 interacts differentially with androgen and glucocorticoid receptors. 
J Biol Chem, 1996 271(32): 19013-6. 
275. Gottlicher, M, S Heck, and P Herrlich, Transcriptional cross-talk, the second mode of steroid 
hormone receptor action. J Mol Med, 1998 76(7): 480-9. 
276. Takai, H, Y Nakayama, DS Kim, M Arai, S Araki, M Mezawa, Y Nakajima, N Kato, H Masunaga, and 
Y Ogata, Androgen receptor stimulates bone sialoprotein (BSP) gene transcription via cAMP 
response element and activator protein 1/glucocorticoid response elements. J Cell Biochem, 
2007 102(1): 240-51. 
277. Church, DR, E Lee, TA Thompson, HS Basu, MO Ripple, EA Ariazi, and G Wilding, Induction of AP-1 
activity by androgen activation of the androgen receptor in LNCaP human prostate carcinoma 
cells. Prostate, 2005 63(2): 155-68. 
278. Foradori, CD, MJ Weiser, and RJ Handa, Non-genomic actions of androgens. Front 
Neuroendocrinol, 2008 29(2): 169-81. 
279. Gorczynska, E and DJ Handelsman, Androgens rapidly increase the cytosolic calcium 
concentration in Sertoli cells. Endocrinology, 1995 136(5): 2052-9. 
280. Guo, Z, WP Benten, J Krucken, and F Wunderlich, Nongenomic testosterone calcium signaling. 
Genotropic actions in androgen receptor-free macrophages. J Biol Chem, 2002 277(33): 29600-7. 
281. Hamdi, MM and G Mutungi, Dihydrotestosterone activates the MAPK pathway and modulates 
maximum isometric force through the EGF receptor in isolated intact mouse skeletal muscle 
fibres. J Physiol,  588(Pt 3): 511-25. 
282. Aquila, S, E Middea, S Catalano, S Marsico, M Lanzino, I Casaburi, I Barone, R Bruno, S Zupo, and 
S Ando, Human sperm express a functional androgen receptor: effects on PI3K/AKT pathway. 
Hum Reprod, 2007 22(10): 2594-605. 
283. Benten, WP, M Lieberherr, G Giese, C Wrehlke, O Stamm, CE Sekeris, H Mossmann, and F 
Wunderlich, Functional testosterone receptors in plasma membranes of T cells. Faseb J, 1999 
13(1): 123-33. 
284. Pelekanou, V, G Notas, E Sanidas, A Tsapis, E Castanas, and M Kampa, Testosterone membrane-
initiated action in breast cancer cells: Interaction with the androgen signaling pathway and 
EPOR. Mol Oncol,  4(2): 135-49. 
285. Singh, J, C O'Neill, and DJ Handelsman, Induction of spermatogenesis by androgens in 
gonadotropin-deficient (hpg) mice. Endocrinology, 1995 136(12): 5311-21. 
286. Dohle, GR, M Smit, and RF Weber, Androgens and male fertility. World J Urol, 2003 21(5): 341-5. 
287. Van Roijen, JH, S Van Assen, TH Van Der Kwast, DG De Rooij, WJ Boersma, JT Vreeburg, and RF 
Weber, Androgen receptor immunoexpression in the testes of subfertile men. J Androl, 1995 
16(6): 510-6. 
288. Iwamura, M, PA Abrahamsson, CM Benning, AT Cockett, and PA di Sant'Agnese, Androgen 
receptor immunostaining and its tissue distribution in formalin-fixed, paraffin-embedded 
sections after microwave treatment. J Histochem Cytochem, 1994 42(6): 783-8. 
289. Janssen, PJ, AO Brinkmann, WJ Boersma, and TH Van der Kwast, Immunohistochemical detection 
of the androgen receptor with monoclonal antibody F39.4 in routinely processed, paraffin-
embedded human tissues after microwave pre-treatment. J Histochem Cytochem, 1994 42(8): 
1169-75. 
290. Zuccarello, D, A Garolla, A Ferlin, M Menegazzo, L De Toni, M Carraro, C Veronese, and C 
Foresta, Androgen receptor is expressed in both X- and Y-carrier human spermatozoa. Fertil 
Steril, 2009 91(1): 193-200. 
291. Chemes, HE, Infancy is not a quiescent period of testicular development. Int J Androl, 2001 
24(1): 2-7. 
292. Rey, RA, M Musse, M Venara, and HE Chemes, Ontogeny of the androgen receptor expression in 
the fetal and postnatal testis: its relevance on Sertoli cell maturation and the onset of adult 
spermatogenesis. Microsc Res Tech, 2009 72(11): 787-95. 
293. Shapiro, E, H Huang, RJ Masch, DE McFadden, XR Wu, and H Ostrer, Immunolocalization of 
androgen receptor and estrogen receptors alpha and beta in human fetal testis and epididymis. 
J Urol, 2005 174(4 Pt 2): 1695-8; discussion 1698. 
294. Boukari, K, G Meduri, S Brailly-Tabard, J Guibourdenche, ML Ciampi, N Massin, L Martinerie, JY 
Picard, R Rey, M Lombes, and J Young, Lack of androgen receptor expression in Sertoli cells 












accounts for the absence of anti-Mullerian hormone repression during early human testis 
development. J Clin Endocrinol Metab, 2009 94(5): 1818-25. 
295. Bremner, WJ, MR Millar, RM Sharpe, and PT Saunders, Immunohistochemical localization of 
androgen receptors in the rat testis: evidence for stage-dependent expression and regulation by 
androgens. Endocrinology, 1994 135(3): 1227-34. 
296. Al-Attar, L, K Noel, M Dutertre, C Belville, MG Forest, PS Burgoyne, N Josso, and R Rey, Hormonal 
and cellular regulation of Sertoli cell anti-Mullerian hormone production in the postnatal mouse. 
J Clin Invest, 1997 100(6): 1335-43. 
297. Chemes, HE, RA Rey, M Nistal, J Regadera, M Musse, P Gonzalez-Peramato, and A Serrano, 
Physiological androgen insensitivity of the fetal, neonatal, and early infantile testis is explained 
by the ontogeny of the androgen receptor expression in Sertoli cells. J Clin Endocrinol Metab, 
2008 93(11): 4408-12. 
298. Hill, CM, MD Anway, BR Zirkin, and TR Brown, Intratesticular androgen levels, androgen receptor 
localization, and androgen receptor expression in adult rat Sertoli cells. Biol Reprod, 2004 71(4): 
1348-58. 
299. Comhaire, FH and A Vermeulen, Testosterone concentration in the fluids of seminiferous 
tubules, the interstitium and the rete testis of the rat. J Endocrinol, 1976 70(2): 229-35. 
300. Jarow, JP, H Chen, TW Rosner, S Trentacoste, and BR Zirkin, Assessment of the androgen 
environment within the human testis: minimally invasive method to obtain intratesticular fluid. 
J Androl, 2001 22(4): 640-5. 
301. Kim, JM, SR Ghosh, AC Weil, and BR Zirkin, Caspase-3 and caspase-activated deoxyribonuclease 
are associated with testicular germ cell apoptosis resulting from reduced intratesticular 
testosterone. Endocrinology, 2001 142(9): 3809-16. 
302. Henriksen, K, H Hakovirta, and M Parvinen, Testosterone inhibits and induces apoptosis in rat 
seminiferous tubules in a stage-specific manner: in situ quantification in squash preparations 
after administration of ethane dimethane sulfonate. Endocrinology, 1995 136(8): 3285-91. 
303. Tapanainen, JS, JL Tilly, KK Vihko, and AJ Hsueh, Hormonal control of apoptotic cell death in 
the testis: gonadotropins and androgens as testicular cell survival factors. Mol Endocrinol, 1993 
7(5): 643-50. 
304. Bakalska, M, N Atanassova, Y Koeva, B Nikolov, and M Davidoff, Induction of male germ cell 
apoptosis by testosterone withdrawal after ethane dimethanesulfonate treatment in adult rats. 
Endocr Regul, 2004 38(3): 103-10. 
305. Erkkila, K, K Henriksen, V Hirvonen, S Rannikko, J Salo, M Parvinen, and L Dunkel, Testosterone 
regulates apoptosis in adult human seminiferous tubules in vitro. J Clin Endocrinol Metab, 1997 
82(7): 2314-21. 
306. Awoniyi, CA, R Santulli, RL Sprando, LL Ewing, and BR Zirkin, Restoration of advanced 
spermatogenic cells in the experimentally regressed rat testis: quantitative relationship to 
testosterone concentration within the testis. Endocrinology, 1989 124(3): 1217-23. 
307. Awoniyi, CA, RL Sprando, R Santulli, V Chandrashekar, LL Ewing, and BR Zirkin, Restoration of 
spermatogenesis by exogenously administered testosterone in rats made azoospermic by 
hypophysectomy or withdrawal of luteinizing hormone alone. Endocrinology, 1990 127(1): 177-
84. 
308. O'Donnell, L, RI McLachlan, NG Wreford, DM de Kretser, and DM Robertson, Testosterone 
withdrawal promotes stage-specific detachment of round spermatids from the rat seminiferous 
epithelium. Biol Reprod, 1996 55(4): 895-901. 
309. Zirkin, BR, R Santulli, CA Awoniyi, and LL Ewing, Maintenance of advanced spermatogenic cells in 
the adult rat testis: quantitative relationship to testosterone concentration within the testis. 
Endocrinology, 1989 124(6): 3043-9. 
310. Saito, K, L O'Donnell, RI McLachlan, and DM Robertson, Spermiation failure is a major 
contributor to early spermatogenic suppression caused by hormone withdrawal in adult rats. 
Endocrinology, 2000 141(8): 2779-85. 
311. Yong, EL, CJ Loy, and KS Sim, Androgen receptor gene and male infertility. Hum Reprod Update, 
2003 9(1): 1-7. 
312. Rajender, S, L Singh, and K Thangaraj, Phenotypic heterogeneity of mutations in androgen 
receptor gene. Asian J Androl, 2007 9(2): 147-79. 
313. Loy, CJ and EL Yong, Sex, infertility and the molecular biology of the androgen receptor. Curr 
Opin Obstet Gynecol, 2001 13(3): 315-21. 












314. Brinkmann, AO, Molecular basis of androgen insensitivity. Mol Cell Endocrinol, 2001 179(1-2): 
105-9. 
315. Gottlieb, B, LK Beitel, JH Wu, and M Trifiro, The androgen receptor gene mutations database 
(ARDB): 2004 update. Hum Mutat, 2004 23(6): 527-33. 
316. Aiman, J and JE Griffin, The frequency of androgen receptor deficiency in infertile men. J Clin 
Endocrinol Metab, 1982 54(4): 725-32. 
317. Giwercman, YL, A Nikoshkov, B Bystrom, A Pousette, S Arver, and A Wedell, A novel mutation 
(N233K) in the transactivating domain and the N756S mutation in the ligand binding domain of 
the androgen receptor gene are associated with male infertility. Clin Endocrinol (Oxf), 2001 
54(6): 827-34. 
318. Hose, KA, K Haffner, D Fietz, J Gromoll, T Eckert, S Kliesch, HC Siebert, and M Bergmann, A 
novel sequence variation in the transactivation regulating domain of the human androgen 
receptor. Fertil Steril, 2009 92(1): 390 e9-390 e11. 
319. Ghadessy, FJ, J Lim, AA Abdullah, V Panet-Raymond, CK Choo, R Lumbroso, TG Tut, B Gottlieb, L 
Pinsky, MA Trifiro, and EL Yong, Oligospermic infertility associated with an androgen receptor 
mutation that disrupts interdomain and coactivator (TIF2) interactions. J Clin Invest, 1999 
103(11): 1517-25. 
320. Wang, Q, FJ Ghadessy, A Trounson, D de Kretser, R McLachlan, SC Ng, and EL Yong, Azoospermia 
associated with a mutation in the ligand-binding domain of an androgen receptor displaying 
normal ligand binding, but defective trans-activation. J Clin Endocrinol Metab, 1998 83(12): 
4303-9. 
321. Melo, CO, AR Danin, DM Silva, JA Tacon, KK Moura, EO Costa, and AD da Cruz, Association 
between male infertility and androgen receptor mutations in Brazilian patients. Genet Mol Res,  
9(1): 128-33. 
322. Ferlin, A, C Vinanzi, A Garolla, R Selice, D Zuccarello, C Cazzadore, and C Foresta, Male 
infertility and androgen receptor gene mutations: clinical features and identification of seven 
novel mutations. Clin Endocrinol (Oxf), 2006 65(5): 606-10. 
323. Lyon, MF and SG Hawkes, X-linked gene for testicular feminization in the mouse. Nature, 1970 
227(5264): 1217-9. 
324. Yeh, S, MY Tsai, Q Xu, XM Mu, H Lardy, KE Huang, H Lin, SD Yeh, S Altuwaijri, X Zhou, L Xing, BF 
Boyce, MC Hung, S Zhang, L Gan, and C Chang, Generation and characterization of androgen 
receptor knockout (ARKO) mice: an in vivo model for the study of androgen functions in selective 
tissues. Proc Natl Acad Sci U S A, 2002 99(21): 13498-503. 
325. Zhang, C, S Yeh, YT Chen, CC Wu, KH Chuang, HY Lin, RS Wang, YJ Chang, C Mendis-Handagama, 
L Hu, H Lardy, and C Chang, Oligozoospermia with normal fertility in male mice lacking the 
androgen receptor in testis peritubular myoid cells. Proc Natl Acad Sci U S A, 2006 103(47): 
17718-23. 
326. Xu, Q, HY Lin, SD Yeh, IC Yu, RS Wang, YT Chen, C Zhang, S Altuwaijri, LM Chen, KH Chuang, HS 
Chiang, S Yeh, and C Chang, Infertility with defective spermatogenesis and steroidogenesis in 
male mice lacking androgen receptor in Leydig cells. Endocrine, 2007 32(1): 96-106. 
327. Albertelli, MA, OA O'Mahony, M Brogley, J Tosoian, M Steinkamp, S Daignault, K Wojno, and DM 
Robins, Glutamine tract length of human androgen receptors affects hormone-dependent and -
independent prostate cancer in mice. Hum Mol Genet, 2008 17(1): 98-110. 
328. Zeegers, MP, LA Kiemeney, AM Nieder, and H Ostrer, How strong is the association between CAG 
and GGN repeat length polymorphisms in the androgen receptor gene and prostate cancer risk? 
Cancer Epidemiol Biomarkers Prev, 2004 13(11 Pt 1): 1765-71. 
329. La Spada, AR, EM Wilson, DB Lubahn, AE Harding, and KH Fischbeck, Androgen receptor gene 
mutations in X-linked spinal and bulbar muscular atrophy. Nature, 1991 352(6330): 77-9. 
330. Li, M, ES Chevalier-Larsen, DE Merry, and MI Diamond, Soluble androgen receptor oligomers 
underlie pathology in a mouse model of spinobulbar muscular atrophy. J Biol Chem, 2007 
282(5): 3157-64. 
331. Wallerand, H, A Remy-Martin, E Chabannes, L Bermont, GL Adessi, and H Bittard, Relationship 
between expansion of the CAG repeat in exon 1 of the androgen receptor gene and idiopathic 
male infertility. Fertil Steril, 2001 76(4): 769-74. 
332. Yoshida, KI, M Yano, K Chiba, M Honda, and S Kitahara, CAG repeat length in the androgen 
receptor gene is enhanced in patients with idiopathic azoospermia. Urology, 1999 54(6): 1078-
81. 












333. Mengual, L, J Oriola, C Ascaso, JL Ballesca, and R Oliva, An increased CAG repeat length in the 
androgen receptor gene in azoospermic ICSI candidates. J Androl, 2003 24(2): 279-84. 
334. Mifsud, A, CK Sim, H Boettger-Tong, S Moreira, DJ Lamb, LI Lipshultz, and EL Yong, Trinucleotide 
(CAG) repeat polymorphisms in the androgen receptor gene: molecular markers of risk for male 
infertility. Fertil Steril, 2001 75(2): 275-81. 
335. Patrizio, P, DG Leonard, KL Chen, S Hernandez-Ayup, and AO Trounson, Larger trinucleotide 
repeat size in the androgen receptor gene of infertile men with extremely severe 
oligozoospermia. J Androl, 2001 22(3): 444-8. 
336. Radpour, R, M Rezaee, A Tavasoly, S Solati, and A Saleki, Association of long polyglycine tracts 
(GGN repeats) in exon 1 of the androgen receptor gene with cryptorchidism and penile 
hypospadias in Iranian patients. J Androl, 2007 28(1): 164-9. 
337. Katagiri, Y, QV Neri, T Takeuchi, F Moy, ES Sills, and GD Palermo, Androgen receptor CAG 
polymorphism (Xq11-12) status and human spermatogenesis: a prospective analysis of infertile 
males and their offspring conceived by intracytoplasmic sperm injection. Int J Mol Med, 2006 
18(3): 405-13. 
338. Dowsing, AT, EL Yong, M Clark, RI McLachlan, DM de Kretser, and AO Trounson, Linkage between 
male infertility and trinucleotide repeat expansion in the androgen-receptor gene. Lancet, 1999 
354(9179): 640-3. 
339. von Eckardstein, S, A Syska, J Gromoll, A Kamischke, M Simoni, and E Nieschlag, Inverse 
correlation between sperm concentration and number of androgen receptor CAG repeats in 
normal men. J Clin Endocrinol Metab, 2001 86(6): 2585-90. 
340. Milatiner, D, D Halle, M Huerta, EJ Margalioth, Y Cohen, A Ben-Chetrit, M Gal, T Mimoni, and T 
Eldar-Geva, Associations between androgen receptor CAG repeat length and sperm morphology. 
Hum Reprod, 2004 19(6): 1426-30. 
341. Rajpert-De Meyts, E, H Leffers, JH Petersen, AG Andersen, E Carlsen, N Jorgensen, and NE 
Skakkebaek, CAG repeat length in androgen-receptor gene and reproductive variables in fertile 
and infertile men. Lancet, 2002 359(9300): 44-6. 
342. Tufan, AC, NL Satiroglu-Tufan, B Aydinuraz, MH Satiroglu, K Aydos, and H Bagci, No association of 
the CAG repeat length in exon 1 of the androgen receptor gene with idiopathic infertility in 
Turkish men: implications and literature review. Tohoku J Exp Med, 2005 206(2): 105-15. 
343. Sasagawa, I, Y Suzuki, J Ashida, T Nakada, K Muroya, and T Ogata, CAG repeat length analysis 
and mutation screening of the androgen receptor gene in Japanese men with idiopathic 
azoospermia. J Androl, 2001 22(5): 804-8. 
344. Thangaraj, K, MB Joshi, AG Reddy, NJ Gupta, B Chakravarty, and L Singh, CAG repeat expansion 
in the androgen receptor gene is not associated with male infertility in Indian populations. J 
Androl, 2002 23(6): 815-8. 
345. Lavery, R, JA Houghton, A Nolan, M Glennon, D Egan, and M Maher, CAG repeat length in an 
infertile male population of Irish origin. Genetica, 2005 123(3): 295-302. 
346. Ferlin, A, L Bartoloni, G Rizzo, A Roverato, A Garolla, and C Foresta, Androgen receptor gene 
CAG and GGC repeat lengths in idiopathic male infertility. Mol Hum Reprod, 2004 10(6): 417-21. 
347. Hadjkacem, L, H Hadj-Kacem, A Boulila, A Bahloul, H Ayadi, and L Ammar-Keskes, Androgen 
receptor gene CAG repeats length in fertile and infertile Tunisian men. Ann Genet, 2004 47(3): 
217-24. 
348. Dadze, S, C Wieland, S Jakubiczka, K Funke, E Schroder, B Royer-Pokora, R Willers, and PF 
Wieacker, The size of the CAG repeat in exon 1 of the androgen receptor gene shows no 
significant relationship to impaired spermatogenesis in an infertile Caucasoid sample of German 
origin. Mol Hum Reprod, 2000 6(3): 207-14. 
349. Dakouane-Giudicelli, M, B Legrand, M Bergere, Y Giudicelli, O Cussenot, and J Selva, Association 
between androgen receptor gene CAG trinucleotide repeat length and testicular histology in 
older men. Fertil Steril, 2006 86(4): 873-7. 
350. Huhtaniemi, IT, SR Pye, KL Limer, W Thomson, TW O'Neill, H Platt, D Payne, SL John, M Jiang, S 
Boonen, H Borghs, D Vanderschueren, JE Adams, KA Ward, G Bartfai, F Casanueva, JD Finn, G 
Forti, A Giwercman, TS Han, K Kula, ME Lean, N Pendleton, M Punab, AJ Silman, and FC Wu, 
Increased estrogen rather than decreased androgen action is associated with longer androgen 
receptor CAG repeats. J Clin Endocrinol Metab, 2009 94(1): 277-84. 
351. Crabbe, P, V Bogaert, D De Bacquer, S Goemaere, H Zmierczak, and JM Kaufman, Part of the 
interindividual variation in serum testosterone levels in healthy men reflects differences in 












androgen sensitivity and feedback set point: contribution of the androgen receptor 
polyglutamine tract polymorphism. J Clin Endocrinol Metab, 2007 92(9): 3604-10. 
352. Walker, WH, Non-classical actions of testosterone and spermatogenesis. Philos Trans R Soc Lond 
B Biol Sci,  365(1546): 1557-69. 
353. Fix, C, C Jordan, P Cano, and WH Walker, Testosterone activates mitogen-activated protein 
kinase and the cAMP response element binding protein transcription factor in Sertoli cells. Proc 
Natl Acad Sci U S A, 2004 101(30): 10919-24. 
354. Cheng, J, SC Watkins, and WH Walker, Testosterone activates mitogen-activated protein kinase 
via Src kinase and the epidermal growth factor receptor in sertoli cells. Endocrinology, 2007 
148(5): 2066-74. 
355. Walker, WH and J Cheng, FSH and testosterone signaling in Sertoli cells. Reproduction, 2005 
130(1): 15-28. 
356. Eacker, SM, JE Shima, CM Connolly, M Sharma, RW Holdcraft, MD Griswold, and RE Braun, 
Transcriptional profiling of androgen receptor (AR) mutants suggests instructive and permissive 
roles of AR signaling in germ cell development. Mol Endocrinol, 2007 21(4): 895-907. 
357. Denolet, E, K De Gendt, J Allemeersch, K Engelen, K Marchal, P Van Hummelen, KA Tan, RM 
Sharpe, PT Saunders, JV Swinnen, and G Verhoeven, The effect of a sertoli cell-selective 
knockout of the androgen receptor on testicular gene expression in prepubertal mice. Mol 
Endocrinol, 2006 20(2): 321-34. 
358. Petrusz, P, DA Jeyaraj, and G Grossman, Microarray analysis of androgen-regulated gene 
expression in testis: the use of the androgen-binding protein (ABP)-transgenic mouse as a model. 
Reprod Biol Endocrinol, 2005 3: 70. 
359. Lindsey, JS and MF Wilkinson, Pem: a testosterone- and LH-regulated homeobox gene expressed 
in mouse Sertoli cells and epididymis. Dev Biol, 1996 179(2): 471-84. 
360. Lim, K, JH Yoo, KY Kim, GR Kweon, ST Kwak, and BD Hwang, Testosterone regulation of proto-
oncogene c-myc expression in primary Sertoli cell cultures from prepubertal rats. J Androl, 1994 
15(6): 543-50. 
361. Dohle, GR, GM Colpi, TB Hargreave, GK Papp, A Jungwirth, and W Weidner, EAU guidelines on 
male infertility. Eur Urol, 2005 48(5): 703-11. 
362. Aschim, EL, A Giwercman, O Stahl, J Eberhard, M Cwikiel, A Nordenskjold, TB Haugen, T 
Grotmol, and YL Giwercman, The RsaI polymorphism in the estrogen receptor-beta gene is 
associated with male infertility. J Clin Endocrinol Metab, 2005 90(9): 5343-8. 
363. Galan, JJ, B Buch, N Cruz, A Segura, FJ Moron, L Bassas, L Martinez-Pineiro, LM Real, and A Ruiz, 
Multilocus analyses of estrogen-related genes reveal involvement of the ESR1 gene in male 
infertility and the polygenic nature of the pathology. Fertil Steril, 2005 84(4): 910-8. 
364. Guarducci, E, F Nuti, L Becherini, M Rotondi, G Balercia, G Forti, and C Krausz, Estrogen receptor 
alpha promoter polymorphism: stronger estrogen action is coupled with lower sperm count. Hum 
Reprod, 2006 21(4): 994-1001. 
365. Krausz, C and C Giachini, Genetic risk factors in male infertility. Arch Androl, 2007 53(3): 125-
33. 
366. Abney, TO, The potential roles of estrogens in regulating Leydig cell development and function: 
a review. Steroids, 1999 64(9): 610-7. 
367. Carreau, S, S Lambard, C Delalande, I Denis-Galeraud, B Bilinska, and S Bourguiba, Aromatase 
expression and role of estrogens in male gonad : a review. Reprod Biol Endocrinol, 2003 1: 35. 
368. Sousa, M, N Cremades, J Silva, C Oliveira, L Ferraz, J Teixeira da Silva, P Viana, and A Barros, 
Predictive value of testicular histology in secretory azoospermic subgroups and clinical outcome 
after microinjection of fresh and frozen-thawed sperm and spermatids. Hum Reprod, 2002 
17(7): 1800-10. 
369. Kruijver, FP, R Balesar, AM Espila, UA Unmehopa, and DF Swaab, Estrogen-receptor-beta 
distribution in the human hypothalamus: similarities and differences with ER alpha distribution. 
J Comp Neurol, 2003 466(2): 251-77. 
370. Mitchner, NA, C Garlick, RW Steinmetz, and N Ben-Jonathan, Differential regulation and action 
of estrogen receptors alpha and beta in GH3 cells. Endocrinology, 1999 140(6): 2651-8. 
371. Brand, H, M Kos, S Denger, G Flouriot, J Gromoll, F Gannon, and G Reid, A novel promoter is 
involved in the expression of estrogen receptor alpha in human testis and epididymis. 
Endocrinology, 2002 143(9): 3397-404. 












372. Hirata, S, T Shoda, J Kato, and K Hoshi, Isoform/variant mRNAs for sex steroid hormone 
receptors in humans. Trends Endocrinol Metab, 2003 14(3): 124-9. 
373. Kuiper, GG, B Carlsson, K Grandien, E Enmark, J Haggblad, S Nilsson, and JA Gustafsson, 
Comparison of the ligand binding specificity and transcript tissue distribution of estrogen 
receptors alpha and beta. Endocrinology, 1997 138(3): 863-70. 
374. Selva, DM, OM Tirado, N Toran, CA Suarez-Quian, J Reventos, and F Munell, Estrogen receptor 
beta expression and apoptosis of spermatocytes of mice overexpressing a rat androgen-binding 
protein transgene. Biol Reprod, 2004 71(5): 1461-8. 
375. Lee, H, AG Douglas-Jones, JM Morgan, and B Jasani, The effect of fixation and processing on the 
sensitivity of oestrogen receptor assay by immunohistochemistry in breast carcinoma. J Clin 
Pathol, 2002 55(3): 236-8. 
376. Abney, TO and RB Myers, 17 beta-estradiol inhibition of Leydig cell regeneration in the ethane 
dimethylsulfonate-treated mature rat. J Androl, 1991 12(5): 295-304. 
377. Johnson, L, DL Thompson, Jr., and DD Varner, Role of Sertoli cell number and function on 
regulation of spermatogenesis. Anim Reprod Sci, 2008 105(1-2): 23-51. 
378. Li, H, V Papadopoulos, B Vidic, M Dym, and M Culty, Regulation of rat testis gonocyte 
proliferation by platelet-derived growth factor and estradiol: identification of signaling 
mechanisms involved. Endocrinology, 1997 138(3): 1289-98. 
379. Thuillier, R, Y Wang, and M Culty, Prenatal exposure to estrogenic compounds alters the 
expression pattern of platelet-derived growth factor receptors alpha and beta in neonatal rat 
testis: identification of gonocytes as targets of estrogen exposure. Biol Reprod, 2003 68(3): 867-
80. 
380. Wang, Y, R Thuillier, and M Culty, Prenatal estrogen exposure differentially affects estrogen 
receptor-associated proteins in rat testis gonocytes. Biol Reprod, 2004 71(5): 1652-64. 
381. Kula, K, Induction of precocious maturation of spermatogenesis in infant rats by human 
menopausal gonadotropin and inhibition by simultaneous administration of gonadotropins and 
testosterone. Endocrinology, 1988 122(1): 34-9. 
382. Shetty, G, H Krishnamurthy, HN Krishnamurthy, AS Bhatnagar, and NR Moudgal, Effect of long-
term treatment with aromatase inhibitor on testicular function of adult male bonnet monkeys 
(M. radiata). Steroids, 1998 63(7-8): 414-20. 
383. Wahlgren, A, K Svechnikov, ML Strand, K Jahnukainen, M Parvinen, JA Gustafsson, and O Soder, 
Estrogen receptor beta selective ligand 5alpha-Androstane-3beta, 17beta-diol stimulates 
spermatogonial deoxyribonucleic acid synthesis in rat seminiferous epithelium in vitro. 
Endocrinology, 2008 149(6): 2917-22. 
384. Miura, K, W Fujibuchi, and I Sasaki, Alternative pre-mRNA splicing in digestive tract malignancy. 
Cancer Sci,  102(2): 309-16. 
385. Evsyukova, I, JA Somarelli, SG Gregory, and MA Garcia-Blanco, Alternative splicing in multiple 
sclerosis and other autoimmune diseases. RNA Biol,  7(4): 462-73. 
386. Dutertre, M, S Vagner, and D Auboeuf, Alternative splicing and breast cancer. RNA Biol,  7(4): 
403-11. 
387. Poola, I, J Abraham, and K Baldwin, Identification of ten exon deleted ERbeta mRNAs in human 
ovary, breast, uterus and bone tissues: alternate splicing pattern of estrogen receptor beta 
mRNA is distinct from that of estrogen receptor alpha. FEBS Lett, 2002 516(1-3): 133-8. 
388. Pink, JJ, SQ Wu, DM Wolf, MM Bilimoria, and VC Jordan, A novel 80 kDa human estrogen receptor 
containing a duplication of exons 6 and 7. Nucleic Acids Res, 1996 24(5): 962-9. 
389. Shoda, T, S Hirata, J Kato, and K Hoshi, Cloning of the novel isoform of the estrogen receptor 
beta cDNA (ERbeta isoform M cDNA) from the human testicular cDNA library. J Steroid Biochem 
Mol Biol, 2002 82(2-3): 201-8. 
390. Ye, Q, LW Chung, B Cinar, S Li, and HE Zhau, Identification and characterization of estrogen 
receptor variants in prostate cancer cell lines. J Steroid Biochem Mol Biol, 2000 75(1): 21-31. 
391. Ishii, H, M Kobayashi, and Y Sakuma, Alternative promoter usage and alternative splicing of the 
rat estrogen receptor alpha gene generate numerous mRNA variants with distinct 5'-ends. J 
Steroid Biochem Mol Biol,  118(1-2): 59-69. 
392. Scobie, GA, S Macpherson, MR Millar, NP Groome, PG Romana, and PT Saunders, Human 
oestrogen receptors: differential expression of ER alpha and beta and the identification of ER 
beta variants. Steroids, 2002 67(12): 985-92. 












393. Hu, R, WB Isaacs, and J Luo, A snapshot of the expression signature of androgen receptor 
splicing variants and their distinctive transcriptional activities. Prostate. 
394. Tepper, CG, DL Boucher, PE Ryan, AH Ma, L Xia, LF Lee, TG Pretlow, and HJ Kung, 
Characterization of a novel androgen receptor mutation in a relapsed CWR22 prostate cancer 
xenograft and cell line. Cancer Res, 2002 62(22): 6606-14. 
395. Yeo, G, D Holste, G Kreiman, and CB Burge, Variation in alternative splicing across human 
tissues. Genome Biol, 2004 5(10): R74. 
396. Elliott, DJ and SN Grellscheid, Alternative RNA splicing regulation in the testis. Reproduction, 
2006 132(6): 811-9. 
397. Foulkes, NS, B Mellstrom, E Benusiglio, and P Sassone-Corsi, Developmental switch of CREM 
function during spermatogenesis: from antagonist to activator. Nature, 1992 355(6355): 80-4. 
398. Quigley, CA, BA Evans, JA Simental, KB Marschke, M Sar, DB Lubahn, P Davies, IA Hughes, EM 
Wilson, and FS French, Complete androgen insensitivity due to deletion of exon C of the 
androgen receptor gene highlights the functional importance of the second zinc finger of the 
androgen receptor in vivo. Mol Endocrinol, 1992 6(7): 1103-12. 
399. Kaspar, F, H Klocker, A Denninger, and AC Cato, A mutant androgen receptor from patients with 
Reifenstein syndrome: identification of the function of a conserved alanine residue in the D box 
of steroid receptors. Mol Cell Biol, 1993 13(12): 7850-8. 
400. Wang, Y and RJ Miksicek, Identification of a dominant negative form of the human estrogen 
receptor. Mol Endocrinol, 1991 5(11): 1707-15. 
401. Hellwinkel, OJ, K Bull, PM Holterhus, N Homburg, D Struve, and O Hiort, Complete androgen 
insensitivity caused by a splice donor site mutation in intron 2 of the human androgen receptor 
gene resulting in an exon 2-lacking transcript with premature stop-codon and reduced 
expression. J Steroid Biochem Mol Biol, 1999 68(1-2): 1-9. 
402. Libertini, SJ, CG Tepper, V Rodriguez, DM Asmuth, HJ Kung, and M Mudryj, Evidence for calpain-
mediated androgen receptor cleavage as a mechanism for androgen independence. Cancer Res, 
2007 67(19): 9001-5. 
403. Jenster, G, HA van der Korput, C van Vroonhoven, TH van der Kwast, J Trapman, and AO 
Brinkmann, Domains of the human androgen receptor involved in steroid binding, transcriptional 
activation, and subcellular localization. Mol Endocrinol, 1991 5(10): 1396-404. 
404. Chaidarun, SS and JM Alexander, A tumor-specific truncated estrogen receptor splice variant 
enhances estrogen-stimulated gene expression. Mol Endocrinol, 1998 12(9): 1355-66. 
405. Desai, AJ, YA Luqmani, JE Walters, RC Coope, B Dagg, JJ Gomm, PE Pace, CN Rees, V 
Thirunavukkarasu, S Shousha, NP Groome, R Coombes, and S Ali, Presence of exon 5-deleted 
oestrogen receptor in human breast cancer: functional analysis and clinical significance. Br J 
Cancer, 1997 75(8): 1173-84. 
406. Fuqua, SA, SD Fitzgerald, GC Chamness, AK Tandon, DP McDonnell, Z Nawaz, BW O'Malley, and 
WL McGuire, Variant human breast tumor estrogen receptor with constitutive transcriptional 
activity. Cancer Res, 1991 51(1): 105-9. 
407. Baek, D and P Green, Sequence conservation, relative isoform frequencies, and nonsense-
mediated decay in evolutionarily conserved alternative splicing. Proc Natl Acad Sci U S A, 2005 
102(36): 12813-8. 
408. Weickert, CS, AL Miranda-Angulo, J Wong, WR Perlman, SE Ward, V Radhakrishna, RE Straub, DR 
Weinberger, and JE Kleinman, Variants in the estrogen receptor alpha gene and its mRNA 
contribute to risk for schizophrenia. Hum Mol Genet, 2008 17(15): 2293-309. 
409. Kan, Z, PW Garrett-Engele, JM Johnson, and JC Castle, Evolutionarily conserved and diverged 
alternative splicing events show different expression and functional profiles. Nucleic Acids Res, 
2005 33(17): 5659-66. 
410. Pan, Z, H Zhang, LK Hague, JY Lee, CS Lutz, and B Tian, An intronic polyadenylation site in 
human and mouse CstF-77 genes suggests an evolutionarily conserved regulatory mechanism. 
Gene, 2006 366(2): 325-34. 
411. Friend, KE, LW Ang, and MA Shupnik, Estrogen regulates the expression of several different 
estrogen receptor mRNA isoforms in rat pituitary. Proc Natl Acad Sci U S A, 1995 92(10): 4367-
71. 
412. Resnick, EM, DA Schreihofer, A Periasamy, and MA Shupnik, Truncated estrogen receptor 
product-1 suppresses estrogen receptor transactivation by dimerization with estrogen receptors 
alpha and beta. J Biol Chem, 2000 275(10): 7158-66. 












413. Print, CG and KL Loveland, Germ cell suicide: new insights into apoptosis during 
spermatogenesis. Bioessays, 2000 22(5): 423-30. 
414. Yamamoto, CM, AP Hikim, Y Lue, AM Portugal, TB Guo, SY Hsu, WA Salameh, C Wang, AJ Hsueh, 
and RS Swerdloff, Impairment of spermatogenesis in transgenic mice with selective 
overexpression of Bcl-2 in the somatic cells of the testis. J Androl, 2001 22(6): 981-91. 
415. Yan, W, JX Huang, AS Lax, L Pelliniemi, E Salminen, M Poutanen, and J Toppari, Overexpression 
of Bcl-W in the testis disrupts spermatogenesis: revelation of a role of BCL-W in male germ cell 
cycle control. Mol Endocrinol, 2003 17(9): 1868-79. 
416. Honarpour, N, C Du, JA Richardson, RE Hammer, X Wang, and J Herz, Adult Apaf-1-deficient 
mice exhibit male infertility. Dev Biol, 2000 218(2): 248-58. 
417. Meehan, T, KL Loveland, D de Kretser, S Cory, and CG Print, Developmental regulation of the 
bcl-2 family during spermatogenesis: insights into the sterility of bcl-w-/- male mice. Cell Death 
Differ, 2001 8(3): 225-33. 
418. Knudson, CM, KS Tung, WG Tourtellotte, GA Brown, and SJ Korsmeyer, Bax-deficient mice with 
lymphoid hyperplasia and male germ cell death. Science, 1995 270(5233): 96-9. 
419. Takagi, S, N Itoh, M Kimura, T Sasao, and T Tsukamoto, Spermatogonial proliferation and 
apoptosis in hypospermatogenesis associated with nonobstructive azoospermia. Fertil Steril, 
2001 76(5): 901-7. 
420. Lin, WW, DJ Lamb, TM Wheeler, J Abrams, LI Lipshultz, and ED Kim, Apoptotic frequency is 
increased in spermatogenic maturation arrest and hypospermatogenic states. J Urol, 1997 
158(5): 1791-3. 
421. Feng, HL, JI Sandlow, AE Sparks, A Sandra, and LJ Zheng, Decreased expression of the c-kit 
receptor is associated with increased apoptosis in subfertile human testes. Fertil Steril, 1999 
71(1): 85-9. 
422. Kim, SK, YD Yoon, YS Park, JT Seo, and JH Kim, Involvement of the Fas-Fas ligand system and 
active caspase-3 in abnormal apoptosis in human testes with maturation arrest and Sertoli cell-
only syndrome. Fertil Steril, 2007 87(3): 547-53. 
423. Weikert, S, M Schrader, M Muller, H Krause, and K Miller, Expression of the apoptosis inhibitor 
survivin in testicular tissue of infertile patients. Int J Androl, 2004 27(3): 161-5. 
424. Weikert, S, M Schrader, M Muller, W Schulze, H Krause, and K Miller, Expression levels of the 
inhibitor of apoptosis survivin in testes of patients with normal spermatogenesis and 
spermatogenic failure. Fertil Steril, 2005 83 Suppl 1: 1100-5. 
425. Chau, BN, EH Cheng, DA Kerr, and JM Hardwick, Aven, a novel inhibitor of caspase activation, 
binds Bcl-xL and Apaf-1. Mol Cell, 2000 6(1): 31-40. 
426. Ina, S, N Tsunekawa, A Nakamura, and T Noce, Expression of the mouse Aven gene during 
spermatogenesis, analyzed by subtraction screening using Mvh-knockout mice. Gene Expr 
Patterns, 2003 3(5): 635-8. 
427. Holstein, AF, W Schulze, and M Davidoff, Understanding spermatogenesis is a prerequisite for 
treatment. Reprod Biol Endocrinol, 2003 1: 107. 
428. Hellemans, J, G Mortier, A De Paepe, F Speleman, and J Vandesompele, qBase relative 
quantification framework and software for management and automated analysis of real-time 
quantitative PCR data. Genome Biol, 2007 8(2): R19. 
429. Orth, JM, GL Gunsalus, and AA Lamperti, Evidence from Sertoli cell-depleted rats indicates that 
spermatid number in adults depends on numbers of Sertoli cells produced during perinatal 
development. Endocrinology, 1988 122(3): 787-94. 
430. Said, TM, U Paasch, HJ Glander, and A Agarwal, Role of caspases in male infertility. Hum Reprod 
Update, 2004 10(1): 39-51. 
431. Kutuk, O, SG Temel, S Tolunay, and H Basaga, Aven blocks DNA damage-induced apoptosis by 
stabilising Bcl-xL. Eur J Cancer, 2010 46(13): 2494-505. 
432. Sauerwald, TM, B Figueroa, Jr., JM Hardwick, GA Oyler, and MJ Betenbaugh, Combining caspase 
and mitochondrial dysfunction inhibitors of apoptosis to limit cell death in mammalian cell 
cultures. Biotechnol Bioeng, 2006 94(2): 362-72. 
433. Nivitchanyong, T, A Martinez, A Ishaque, JE Murphy, K Konstantinov, MJ Betenbaugh, and J 
Thrift, Anti-apoptotic genes Aven and E1B-19K enhance performance of BHK cells engineered to 
express recombinant factor VIII in batch and low perfusion cell culture. Biotechnol Bioeng, 2007 
98(4): 825-41. 












434. Martin, LJ, Z Liu, K Chen, AC Price, Y Pan, JA Swaby, and WC Golden, Motor neuron 
degeneration in amyotrophic lateral sclerosis mutant superoxide dismutase-1 transgenic mice: 
mechanisms of mitochondriopathy and cell death. J Comp Neurol, 2007 500(1): 20-46. 
435. Yin, Y, BC Stahl, WC DeWolf, and A Morgentaler, p53-mediated germ cell quality control in 
spermatogenesis. Dev Biol, 1998 204(1): 165-71. 
436. Guo, JY, A Yamada, T Kajino, JQ Wu, W Tang, CD Freel, J Feng, BN Chau, MZ Wang, SS Margolis, 
HY Yoo, XF Wang, WG Dunphy, PM Irusta, JM Hardwick, and S Kornbluth, Aven-dependent 
activation of ATM following DNA damage. Curr Biol, 2008 18(13): 933-42. 
437. Gross, A, A new Aven-ue to DNA-damage checkpoints. Trends Biochem Sci, 2008 33(11): 514-6. 
438. Ross, AJ, KG Waymire, JE Moss, AF Parlow, MK Skinner, LD Russell, and GR MacGregor, Testicular 
degeneration in Bclw-deficient mice. Nat Genet, 1998 18(3): 251-6. 
439. Giannattasio, A, G Angeletti, M De Rosa, S Zarrilli, M Ambrosino, A Cimmino, C Coppola, G Panza, 
R Calafiore, A Colao, O Abete, and G Lombardi, RNA expression bcl-w, a new related protein Bcl-
2 family, and caspase-3 in isolated sertoli cells from pre-pubertal rat testes. J Endocrinol Invest, 
2002 25(7): RC23-5. 
440. Yan, W, M Samson, B Jegou, and J Toppari, Bcl-w forms complexes with Bax and Bak, and 
elevated ratios of Bax/Bcl-w and Bak/Bcl-w correspond to spermatogonial and spermatocyte 
apoptosis in the testis. Mol Endocrinol, 2000 14(5): 682-99. 
441. Rodriguez, I, C Ody, K Araki, I Garcia, and P Vassalli, An early and massive wave of germinal cell 
apoptosis is required for the development of functional spermatogenesis. Embo J, 1997 16(9): 
2262-70. 
442. Moreno, RD, C Lizama, N Urzua, SP Vergara, and JG Reyes, Caspase activation throughout the 
first wave of spermatogenesis in the rat. Cell Tissue Res, 2006 325(3): 533-40. 
443. Yamaguchi, M and T Yamamoto, Purification of calcium binding substance from soluble fraction 
of normal rat liver. Chem Pharm Bull (Tokyo), 1978 26(6): 1915-8. 
444. Fujita, T, K Uchida, and N Maruyama, Purification of senescence marker protein-30 (SMP30) and 
its androgen-independent decrease with age in the rat liver. Biochim Biophys Acta, 1992 
1116(2): 122-8. 
445. Yamaguchi, M, Role of regucalcin in maintaining cell homeostasis and function (review). Int J Mol 
Med, 2005 15(3): 371-89. 
446. Shimokawa, N and M Yamaguchi, Calcium administration stimulates the expression of calcium-
binding protein regucalcin mRNA in rat liver. FEBS Lett, 1992 305(2): 151-4. 
447. Shimokawa, N and M Yamaguchi, Expression of hepatic calcium-binding protein regucalcin mRNA 
is mediated through Ca2+/calmodulin in rat liver. FEBS Lett, 1993 316(1): 79-84. 
448. Yamaguchi, M and H Kurota, Expression of calcium-binding protein regucalcin mRNA in the 
kidney cortex of rats: the stimulation by calcium administration. Mol Cell Biochem, 1995 146(1): 
71-7. 
449. Maia, C, C Santos, F Schmitt, and S Socorro, Regucalcin is under-expressed in human breast and 
prostate cancers: Effect of sex steroid hormones. J Cell Biochem, 2009 107(4): 667-76. 
450. Maia, CJ, CR Santos, F Schmitt, and S Socorro, Regucalcin is expressed in rat mammary gland and 
prostate and down-regulated by 17beta-estradiol. Mol Cell Biochem, 2008 311(1-2): 81-6. 
451. Carolan, JC, CI Fitzroy, PD Ashton, AE Douglas, and TL Wilkinson, The secreted salivary proteome 
of the pea aphid Acyrthosiphon pisum characterised by mass spectrometry. Proteomics, 2009 
9(9): 2457-67. 
452. Lv, S, JH Wang, F Liu, Y Gao, R Fei, SC Du, and L Wei, Senescence marker protein 30 in acute 
liver failure: validation of a mass spectrometry proteomics assay. BMC Gastroenterol, 2008 8: 
17. 
453. Lv, S, L Wei, JH Wang, JY Wang, and F Liu, Identification of novel molecular candidates for 
acute liver failure in plasma of BALB/c murine model. J Proteome Res, 2007 6(7): 2746-52. 
454. Isogai, M, K Oishi, and M Yamaguchi, Serum release of hepatic calcium-binding protein regucalcin 
by liver injury with galactosamine administration in rats. Mol Cell Biochem, 1994 136(1): 85-90. 
455. Isogai, M, N Shimokawa, and M Yamaguchi, Hepatic calcium-binding protein regucalcin in 
released into the serum of rats administered orally carbon tetrachloride. Mol Cell Biochem, 1994 
131(2): 173-9. 
456. Oliveira, PF, M Sousa, A Barros, T Moura, and A Rebelo da Costa, Membrane transporters and 
cytoplasmatic pH regulation on bovine Sertoli cells. J Membr Biol, 2009 227(1): 49-55. 












457. Sousa, M, N Cremades, C Alves, J Silva, and A Barros, Developmental potential of human 
spermatogenic cells co-cultured with Sertoli cells. Hum Reprod, 2002 17(1): 161-72. 
458. Oliveira, PF, M Sousa, A Barros, T Moura, and A Rebelo da Costa, Intracellular pH regulation in 
human Sertoli cells: role of membrane transporters. Reproduction, 2009 137(2): 353-9. 
459. Geoffroy-Siraudin, C, MH Perrard, F Chaspoul, A Lanteaume, P Gallice, P Durand, and MR 
Guichaoua, Validation of a rat seminiferous tubule culture model as a suitable system for 
studying toxicant impact on meiosis effect of hexavalent chromium. Toxicol Sci, 2010 116(1): 
286-96. 
460. Kaisman-Elbaz, T, I Sekler, D Fishman, N Karol, M Forberg, N Kahn, M Hershfinkel, and WF 
Silverman, Cell death induced by zinc and cadmium is mediated by clusterin in cultured mouse 
seminiferous tubules. J Cell Physiol, 2009 220(1): 222-9. 
461. Gilleron, J, D Carette, F Carpentier, D Segretain, and G Pointis, Three-dimensional analysis of 
connexin 43 gap junction in the ex vivo rat seminiferous tubules: short-term effects of hormonal 
effectors. Microsc Res Tech, 2009 72(11): 845-55. 
462. Andersen, CL, JL Jensen, and TF Orntoft, Normalization of real-time quantitative reverse 
transcription-PCR data: a model-based variance estimation approach to identify genes suited for 
normalization, applied to bladder and colon cancer data sets. Cancer Res, 2004 64(15): 5245-50. 
463. Vandesompele, J, K De Preter, F Pattyn, B Poppe, N Van Roy, A De Paepe, and F Speleman, 
Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of 
multiple internal control genes. Genome Biol, 2002 3(7): RESEARCH0034. 
464. Fujita, T, T Shirasawa, K Uchida, and N Maruyama, Gene regulation of senescence marker 
protein-30 (SMP30): coordinated up-regulation with tissue maturation and gradual down-
regulation with aging. Mech Ageing Dev, 1996 87(3): 219-29. 
465. Tsurusaki, Y and M Yamaguchi, Role of regucalcin in liver nuclear function: binding of regucalcin 
to nuclear protein or DNA and modulation of tumor-related gene expression. Int J Mol Med, 2004 
14(2): 277-81. 
466. Inagaki, S and M Yamaguchi, Regulatory role of endogenous regucalcin in the enhancement of 
nuclear deoxyribonuleic acid synthesis with proliferation of cloned rat hepatoma cells (H4-II-E). 
J Cell Biochem, 2001 82(4): 704-11. 
467. Gorczynska-Fjalling, E, The role of calcium in signal transduction processes in Sertoli cells. 
Reprod Biol, 2004 4(3): 219-41. 
468. Fisher, D, New light shed on fluid formation in the seminiferous tubules of the rat. J Physiol, 
2002 542(Pt 2): 445-52. 
469. Otomo, Y and M Yamaguchi, Regulatory effect of exogenous regucalcin on cell function in 
osteoblastic MC3T3-E1 cells: involvement of intracellular signaling factor. Int J Mol Med, 2006 
18(2): 321-7. 
470. Omura, M and M Yamaguchi, Effect of anti-regucalcin antibody on neutral phosphatase activity 
in rat liver cytosol: involvement of endogenous regucalcin. Mol Cell Biochem, 1999 197(1-2): 25-
9. 
471. Yamaguchi, M and K Oishi, 17 beta-Estradiol stimulates the expression of hepatic calcium-
binding protein regucalcin mRNA in rats. Mol Cell Biochem, 1995 143(2): 137-41. 
472. Nakajima, M, T Murata, and M Yamaguchi, Expression of calcium-binding protein regucalcin 
mRNA in the cloned rat hepatoma cells (H4-II-E) is stimulated through Ca2+ signaling factors: 
involvement of protein kinase C. Mol Cell Biochem, 1999 198(1-2): 101-7. 
473. Yamaguchi, M, Y Otomo, S Uchiyama, and T Nakagawa, Hormonal regulation of regucalcin mRNA 
expression in osteoblastic MC3T3-E1 cells. Int J Mol Med, 2008 21(6): 771-5. 
474. Kurota, H and M Yamaguchi, Steroid hormonal regulation of calcium-binding protein regucalcin 
mRNA expression in the kidney cortex of rats. Mol Cell Biochem, 1996 155(2): 105-11. 
475. O'Shaughnessy, PJ, G Verhoeven, K De Gendt, A Monteiro, and MH Abel, Direct action through the 
sertoli cells is essential for androgen stimulation of spermatogenesis. Endocrinology, 2010 
151(5): 2343-8. 
476. Meachem, SJ, S Schlatt, SM Ruwanpura, and PG Stanton, The effect of testosterone, 
dihydrotestosterone and oestradiol on the re-initiation of spermatogenesis in the adult 
photoinhibited Djungarian hamster. J Endocrinol, 2007 192(3): 553-61. 
477. Oliver, VL, C Anderson, S Ventura, and JM Haynes, Androgens regulate adenylate cyclase activity 
and intracellular calcium in stromal cells derived from human prostate. Prostate, 2010 70(11): 
1222-32. 












478. Montano, LM, E Calixto, A Figueroa, E Flores-Soto, V Carbajal, and M Perusquia, Relaxation of 
androgens on rat thoracic aorta: testosterone concentration dependent agonist/antagonist L-
type Ca2+ channel activity, and 5beta-dihydrotestosterone restricted to L-type Ca2+ channel 
blockade. Endocrinology, 2008 149(5): 2517-26. 
479. Popova, NY, AS Dukhanin, and NL Shimanovskii, Nongenomic effect of androgens on Ca(2+) 
concentration in human lymphocytes. Bull Exp Biol Med, 2007 143(5): 605-7. 
480. Giampietri, C, S Petrungaro, P Coluccia, A D'Alessio, D Starace, A Riccioli, F Padula, F Palombi, E 
Ziparo, A Filippini, and P De Cesaris, Germ cell apoptosis control during spermatogenesis. 
Contraception, 2005 72(4): 298-302. 
481. Nandi, S, PP Banerjee, and BR Zirkin, Germ cell apoptosis in the testes of Sprague Dawley rats 
following testosterone withdrawal by ethane 1,2-dimethanesulfonate administration: 
relationship to Fas? Biol Reprod, 1999 61(1): 70-5. 
482. Tesarik, J, F Martinez, L Rienzi, M Iacobelli, F Ubaldi, C Mendoza, and E Greco, In-vitro effects of 
FSH and testosterone withdrawal on caspase activation and DNA fragmentation in different cell 
types of human seminiferous epithelium. Hum Reprod, 2002 17(7): 1811-9. 
483. Vera, Y, K Erkkila, C Wang, C Nunez, S Kyttanen, Y Lue, L Dunkel, RS Swerdloff, and AP Sinha 
Hikim, Involvement of p38 mitogen-activated protein kinase and inducible nitric oxide synthase 
in apoptotic signaling of murine and human male germ cells after hormone deprivation. Mol 
Endocrinol, 2006 20(7): 1597-609. 
484. Johnson, C, Y Jia, C Wang, YH Lue, RS Swerdloff, XS Zhang, ZY Hu, YC Li, YX Liu, and AP Hikim, 
Role of caspase 2 in apoptotic signaling in primate and murine germ cells. Biol Reprod, 2008 
79(5): 806-14. 
485. Izumi, T and M Yamaguchi, Overexpression of regucalcin suppresses cell death and apoptosis in 
cloned rat hepatoma H4-II-E cells induced by lipopolysaccharide, PD 98059, dibucaine, or Bay K 
8644. J Cell Biochem, 2004 93(3): 598-608. 
486. Izumi, T and M Yamaguchi, Overexpression of regucalcin suppresses cell death in cloned rat 
hepatoma H4-II-E cells induced by tumor necrosis factor-alpha or thapsigargin. J Cell Biochem, 
2004 92(2): 296-306. 
487. Matsuyama, S, T Kitamura, N Enomoto, T Fujita, A Ishigami, S Handa, N Maruyama, D Zheng, K 
Ikejima, Y Takei, and N Sato, Senescence marker protein-30 regulates Akt activity and 
contributes to cell survival in Hep G2 cells. Biochem Biophys Res Commun, 2004 321(2): 386-90. 
488. Ishigami, A, T Fujita, S Handa, T Shirasawa, H Koseki, T Kitamura, N Enomoto, N Sato, T 
Shimosawa, and N Maruyama, Senescence marker protein-30 knockout mouse liver is highly 
susceptible to tumor necrosis factor-alpha- and Fas-mediated apoptosis. Am J Pathol, 2002 
161(4): 1273-81. 
489. Shimokawa, N and M Yamaguchi, Molecular cloning and sequencing of the cDNA coding for a 
calcium-binding protein regucalcin from rat liver. FEBS Lett, 1993 327(3): 251-5. 
490. Isogai, M and M Yamaguchi, Calcium administration increases calcium-binding protein regucalcin 
concentration in the liver of rats. Mol Cell Biochem, 1995 143(1): 53-8. 
491. Murata, T and M Yamaguchi, Ca2+ administration stimulates the binding of AP-1 factor to the 5'-
flanking region of the rat gene for the Ca2+-binding protein regucalcin. Biochem J, 1998 329 ( 
Pt 1): 157-63. 
492. Nejak-Bowen, KN, G Zeng, X Tan, B Cieply, and SP Monga, Beta-catenin regulates vitamin C 
biosynthesis and cell survival in murine liver. J Biol Chem, 2009 284(41): 28115-27. 
493. Misawa, H and M Yamaguchi, Identification of transcription factor in the promoter region of rat 
regucalcin gene: binding of nuclear factor I-A1 to TTGGC motif. J Cell Biochem, 2002 84(4): 795-
802. 
494. Misawa, H and M Yamaguchi, Intracellular signaling factors--enhanced hepatic nuclear protein 
binding to TTGGC sequence in the rat regucalcin gene promoter: involvement of protein 
phosphorylation. Biochem Biophys Res Commun, 2000 279(1): 275-81. 
495. Yamaguchi, M and S Mori, Activation of hepatic microsomal Ca2+-adenosine triphosphatase by 
calcium-binding protein regucalcin. Chem Pharm Bull (Tokyo), 1989 37(4): 1031-4. 
496. Takahashi, H and M Yamaguchi, Role of regucalcin as an activator of Ca(2+)-ATPase activity in 
rat liver microsomes. J Cell Biochem, 1999 74(4): 663-9. 
497. Yamaguchi, M, S Mori, and S Kato, Calcium-binding protein regucalcin is an activator of (Ca2+-
Mg2+)-adenosine triphosphatase in the plasma membranes of rat liver. Chem Pharm Bull 
(Tokyo), 1988 36(9): 3532-9. 












498. Takahashi, H and M Yamaguchi, Regulatory effect of regucalcin on (Ca(2+)-Mg2+)-ATPase in rat 
liver plasma membranes: comparison with the activation by Mn2+ and Co2+. Mol Cell Biochem, 
1993 124(2): 169-74. 
499. Yamaguchi, M, Regucalcin and cell regulation: role as a suppressor protein in signal 
transduction. Mol Cell Biochem. 
500. Yamaguchi, M and H Tai, Inhibitory effect of calcium-binding protein regucalcin on 
Ca2+/calmodulin-dependent cyclic nucleotide phosphodiesterase activity in rat liver cytosol. Mol 
Cell Biochem, 1991 106(1): 25-30. 
501. Yamaguchi, M and H Kurota, Inhibitory effect of regucalcin on Ca2+/calmodulin-dependent cyclic 
AMP phosphodiesterase activity in rat kidney cytosol. Mol Cell Biochem, 1997 177(1-2): 209-14. 
502. Mori, S and M Yamaguchi, Hepatic calcium-binding protein regucalcin decreases 
Ca2+/calmodulin-dependent protein kinase activity in rat liver cytosol. Chem Pharm Bull 
(Tokyo), 1990 38(8): 2216-8. 
503. Kurota, H and M Yamaguchi, Regucalcin increases Ca2+-ATPase activity and ATP-dependent 
calcium uptake in the microsomes of rat kidney cortex. Mol Cell Biochem, 1997 177(1-2): 201-7. 
504. Omura, M and M Yamaguchi, Regulation of protein phosphatase activity by regucalcin 
localization in rat liver nuclei. J Cell Biochem, 1999 75(3): 437-45. 
505. Yamaguchi, M and S Mori, Inhibitory effect of calcium-binding protein regucalcin on protein 
kinase C activity in rat liver cytosol. Biochem Med Metab Biol, 1990 43(2): 140-6. 
506. Izumi, T, Y Tsurusaki, and M Yamaguchi, Suppressive effect of endogenous regucalcin on nitric 
oxide synthase activity in cloned rat hepatoma H4-II-E cells overexpressing regucalcin. J Cell 
Biochem, 2003 89(4): 800-7. 
507. Yamaguchi, M, H Takahashi, and Y Tsurusaki, Suppressive role of endogenous regucalcin in the 
enhancement of nitric oxide synthase activity in liver cytosol of normal and regucalcin 
transgenic rats. J Cell Biochem, 2003 88(6): 1226-34. 
508. Ma, ZJ and M Yamaguchi, Regulatory effect of regucalcin on nitric oxide synthase activity in rat 
kidney cortex cytosol: Role of endogenous regucalcin in transgenic rats. Int J Mol Med, 2003 
12(2): 201-6. 
509. Nakagawa, T and M Yamaguchi, Overexpression of regucalcin suppresses apoptotic cell death in 
cloned normal rat kidney proximal tubular epithelial NRK52E cells: change in apoptosis-related 
gene expression. J Cell Biochem, 2005 96(6): 1274-85. 
510. Yamaguchi, M and T Sakurai, Inhibitory effect of calcium-binding protein regucalcin on Ca2(+)-
activated DNA fragmentation in rat liver nuclei. FEBS Lett, 1991 279(2): 281-4. 
511. Yamaguchi, M and M Isogai, Tissue concentration of calcium-binding protein regucalcin in rats by 
enzyme-linked immunoadsorbent assay. Mol Cell Biochem, 1993 122(1): 65-8. 
512. Yamaguchi, M, T Hamano, and H Misawa, Expression of Ca(2+)-binding protein regucalcin in rat 
brain neurons: inhibitory effect on protein phosphatase activity. Brain Res Bull, 2000 52(5): 343-
8. 
513. Yamaguchi, M and R Nakajima, Role of regucalcin as an activator of sarcoplasmic reticulum 
Ca2+-ATPase activity in rat heart muscle. J Cell Biochem, 2002 86(1): 184-93. 
514. Yamaguchi, M, H Misawa, S Uchiyama, Y Morooka, and Y Tsurusaki, Role of endogenous 
regucalcin in bone metabolism: bone loss is induced in regucalcin transgenic rats. Int J Mol Med, 
2002 10(4): 377-83. 
515. Mori, T, A Ishigami, K Seyama, R Onai, S Kubo, K Shimizu, N Maruyama, and Y Fukuchi, 
Senescence marker protein-30 knockout mouse as a novel murine model of senile lung. Pathol 
Int, 2004 54(3): 167-73. 
516. Ishii, K, T Tsubaki, K Fujita, A Ishigami, N Maruyama, and M Akita, Immunohistochemical 
localization of senescence marker protein-30 (SMP30) in the submandibular gland and 
ultrastructural changes of the granular duct cells in SMP30 knockout mice. Histol Histopathol, 
2005 20(3): 761-8. 
517. Fayad, T, V Levesque, J Sirois, DW Silversides, and JG Lussier, Gene expression profiling of 
differentially expressed genes in granulosa cells of bovine dominant follicles using suppression 
subtractive hybridization. Biol Reprod, 2004 70(2): 523-33. 
518. Cavaco, JE, SS Laurentino, A Barros, M Sousa, and S Socorro, Estrogen receptors alpha and beta 
in human testis: both isoforms are expressed. Syst Biol Reprod Med, 2009 55(4): 137-44. 
519. Griswold, MD, Protein secretions of Sertoli cells. Int Rev Cytol, 1988 110: 133-56. 












520. Triphan, J, G Aumuller, T Brandenburger, and B Wilhelm, Localization and regulation of plasma 
membrane Ca(2+)-ATPase in bovine spermatozoa. Eur J Cell Biol, 2007 86(5): 265-73. 
521. Sengupta, T, S Ghoshal, SR Dungdung, GC Majumder, and PC Sen, Structural and functional 
characterization and physiological significance of a stimulator protein of Mg2+-independent Ca2-
ATPase isolated from goat spermatozoa. Mol Cell Biochem, 2008 311(1-2): 93-103. 
522. Laurentino, SS, S Correia, JE Cavaco, PF Oliveira, L Rato, M Sousa, A Barros, and S Socorro, 
Regucalcin is broadly expressed in male reproductive tissues and a new androgen target gene in 
mammalian testis. Reproduction. 
523. Nakagawa, T, N Sawada, and M Yamaguchi, Overexpression of regucalcin suppresses cell 
proliferation of cloned normal rat kidney proximal tubular epithelial NRK52E cells. Int J Mol 
Med, 2005 16(4): 637-43. 
524. Yamaguchi, M and Y Daimon, Overexpression of regucalcin suppresses cell proliferation in cloned 
rat hepatoma H4-II-E cells: involvement of intracellular signaling factors and cell cycle-related 
genes. J Cell Biochem, 2005 95(6): 1169-77. 
525. Murata, T, N Shinya, and M Yamaguchi, Expression of calcium-binding protein regucalcin mRNA in 
the cloned human hepatoma cells (HepG2): stimulation by insulin. Mol Cell Biochem, 1997 175(1-
2): 163-8. 
526. Lee, JW, YC Lee, SY Na, DJ Jung, and SK Lee, Transcriptional coregulators of the nuclear 
receptor superfamily: coactivators and corepressors. Cell Mol Life Sci, 2001 58(2): 289-97. 
527. Martini, PG and BS Katzenellenbogen, Modulation of estrogen receptor activity by selective 
coregulators. J Steroid Biochem Mol Biol, 2003 85(2-5): 117-22. 
528. Hall, JM and DP McDonnell, The estrogen receptor beta-isoform (ERbeta) of the human estrogen 
receptor modulates ERalpha transcriptional activity and is a key regulator of the cellular 
response to estrogens and antiestrogens. Endocrinology, 1999 140(12): 5566-78. 
529. Panet-Raymond, V, B Gottlieb, LK Beitel, L Pinsky, and MA Trifiro, Interactions between 
androgen and estrogen receptors and the effects on their transactivational properties. Mol Cell 
Endocrinol, 2000 167(1-2): 139-50. 
530. Yamaguchi, M, Y Kanayama, and N Shimokawa, Expression of calcium-binding protein regucalcin 
mRNA in rat liver is stimulated by calcitonin: the hormonal effect is mediated through calcium. 
Mol Cell Biochem, 1994 136(1): 43-8. 
531. Yamaguchi, M, K Oishi, and M Isogai, Expression of hepatic calcium-binding protein regucalcin 
mRNA is elevated by refeeding of fasted rats: involvement of glucose, insulin and calcium as 
stimulating factors. Mol Cell Biochem, 1995 142(1): 35-41. 
532. Qi, H, MM Moran, B Navarro, JA Chong, G Krapivinsky, L Krapivinsky, Y Kirichok, IS Ramsey, TA 
Quill, and DE Clapham, All four CatSper ion channel proteins are required for male fertility and 
sperm cell hyperactivated motility. Proc Natl Acad Sci U S A, 2007 104(4): 1219-23. 
533. Breitbart, H, Intracellular calcium regulation in sperm capacitation and acrosomal reaction. Mol 
Cell Endocrinol, 2002 187(1-2): 139-44. 
534. Bedu-Addo, K, S Costello, C Harper, G Machado-Oliveira, L Lefievre, C Ford, C Barratt, and S 
Publicover, Mobilisation of stored calcium in the neck region of human sperm--a mechanism for 
regulation of flagellar activity. Int J Dev Biol, 2008 52(5-6): 615-26. 
535. Ma, XH and YL Shi, A patch clamp study on reconstituted calcium permeable channels of human 
sperm plasma membranes. Sheng Li Xue Bao, 1999 51(5): 571-9. 
536. Feng, HL, A Hershlag, YB Han, and LJ Zheng, Localizations of intracellular calcium and Ca2+-
ATPase in hamster spermatogenic cells and spermatozoa. Microsc Res Tech, 2006 69(8): 618-23. 
537. Ravindranath, N, V Papadopoulos, W Vornberger, D Zitzmann, and M Dym, Ultrastructural 
distribution of calcium in the rat testis. Biol Reprod, 1994 51(1): 50-62. 
538. Berridge, MJ, MD Bootman, and HL Roderick, Calcium signalling: dynamics, homeostasis and 
remodelling. Nat Rev Mol Cell Biol, 2003 4(7): 517-29. 
539. Clapham, DE, Calcium signaling. Cell, 2007 131(6): 1047-58. 
540. Matthews, J and JA Gustafsson, Estrogen signaling: a subtle balance between ER alpha and ER 
beta. Mol Interv, 2003 3(5): 281-92. 
541. Laurentino, SS, J Gonçalves, JE Cavaco, PF Oliveira, M Alves, M Sousa, A Barros, and S Socorro, 
Apoptosis-inhibitor Aven is down-regulated in defective spermatogenesis and novel estrogen 
target gene in mammalian testis. Fertil Steril. 












542. Adams, JM and S Cory, The Bcl-2 protein family: arbiters of cell survival. Science, 1998 
281(5381): 1322-6. 
543. Kim, IK, YK Jung, DY Noh, YS Song, CH Choi, BH Oh, ES Masuda, and YK Jung, Functional 
screening of genes suppressing TRAIL-induced apoptosis: distinct inhibitory activities of Bcl-XL 
and Bcl-2. Br J Cancer, 2003 88(6): 910-7. 
544. Esmaili, AM, EL Johnson, SS Thaivalappil, HM Kuhn, S Kornbluth, and PM Irusta, Regulation of the 
ATM-activator protein Aven by CRM1-dependent nuclear export. Cell Cycle,  9(19): 3913-20. 
545. Fujita, T, H Inoue, T Kitamura, N Sato, T Shimosawa, and N Maruyama, Senescence marker 
protein-30 (SMP30) rescues cell death by enhancing plasma membrane Ca(2+)-pumping activity in 
Hep G2 cells. Biochem Biophys Res Commun, 1998 250(2): 374-80. 
546. Fukaya, Y and M Yamaguchi, Overexpression of regucalcin suppresses cell death and apoptosis in 
cloned rat hepatoma H4-II-E cells induced by insulin or insulin-like growth factor-I. J Cell 





















The ballad of Calcium and Regucalcin 
3rd prize of the 2009 EMBL PhD Symposium Writing Prize. 
 
Calcium, a word you recall 
You hear it every single day. 
But do you know anything at all, 
Except you need it to grow tall? 
 
Imagine a castle in the mist, 
Walls and people built to resist. 
Along the road a stranger nears, 
Hidden in the dark a sentinel fears. 
 
Reached is the time for a signalling arrow 
To warn the people and make them ready. 
The castle is a cell, with receptors steady, 
Only difference is that Calcium is the arrow. 
 
As Calcium rises and Calcium lowers, 
Great things happen at the micron level. 
Cells will divide, others will fade. 
Muscles contract, proteins are made. 
 
“But how” do you ask “is that arrow fired, 
Is Calcium raised to later be lowered?” 
That, my friends, is a difficult matter, 
And fool would I be to promise an answer. 
 
Many have looked for answers, 
Many tried to solve the puzzle, 
And many have dreamt of the glory. 
Do you want to hear a part of the story? 
 
In the land of the rising sun, 
Dreaming was Yamaguchi-san. 
He looked near and far, he searched high and low, 
For a protein that could Calcium control. 
 
In liver and kidney he found, 
A new one that could be Calcium-bound. 
From others he knew this was so dissimilar 
„Cause the structure she had was so singular. 
 
Proteins of her family all seemed to have, 
A finger pointing up in the air, 
Telling Calcium where to move  
So the response could be nothing but flair. 
 
But this little girl was so very nice 
She answered all questions, from humans to mice. 
“Tell me now, how do you behave?” 
Asked Yamaguchi his personal fave. 















And to his surprise the answer was swift 
“I regulate Calcium with simplicity. 
And since both of us enjoy a good shift 
He regulates me with velocity.” 
 
“I shall give you a name to remember” 
Said Yamaguchi with a smile. 
“Regucalcin is the newest member 
Of my Calcium-binding protein family file”. 
 
She grew up with Yamaguchi and fellows 
Asking her all sorts of questions. 
“Tell me do you have any good mates  
To help you in your vital fate?” 
 
“In liver” she said “where I‟m happy 
I like to sit down and relax. 
If estrogens decide to throw a party 
They come invite me to dance.” 
 
“If in the dark side liver falls 
And hepatoma starts to emerge, 
No longer I wish to walz 
Of disappering I feel the urge.” 
 
In the land of the rising sun 
Dreaming was Fujita-san. 
He looked near and far, he searched high and low 
For a protein that with aging would un-grow. 
 
In liver of rats he found 
A protein that behaved well. 
In a minute his heart was bound 
He couldn‟t wait for its name to spell. 
 
“Senescence-marker protein be thy name, 
For your friends SMP30 you‟ll be. 
To our lab you shall give fame 
Our work finally set free!” 
 
She stayed with Fujita and colleagues, 
Who asked her all sorts of queries. 
“Besides marking aging in rats 
In what else do you have expertise?” 
 
She said “My life is boring 
But one friend never misses tea 
Of intracellular Calcium I regulate storing 
And he, in turn, regulates me!” 
 
“Amazing” they laughed out loud, 
“You are one funny girl. 
And powerful, you make us so proud.” 
And with these words they began to swirl. 















In the land of the rising sun 
Yamaguchi- and Fujita-san 
Both tried, with success, to describe 
Exactly how their loved proteins were like. 
 
“Amazing” the world laughed out loud 
When in journals the girls appeared! 
“Twins, they must be so proud” 
Yamaguchi and Fujita were cheered. 
 
But one and the same was the protein, 
And multiple functions she had. 
“How to call you” her fans asked in vain 
“As you like it, as both make me glad.” 
 
Years and years have passed 
The girl grew up very strong. 
The whole world had she travelled 
But her journey was yet to be long. 
 
In Portugal she arrived one day 
To watch the scenery and lay. 
She was looking for a lab to rest 
And in the mountains she found a new nest. 
 
To Dr. Maia she would proudly state 
“Estrogens and I are great friends” 
He asked “Do you like breast and prostate, 
Do you think they are good trends?” 
 
She said “In both tissues I‟m very happy 
I like to sit down and relax. 
Androgens and estrogens throw big parties, 
They always invite me for a dance” 
 
The rest of the group joined in prayer 
Asking her each one a matter 
“Do you still live there when it‟s greyer 
And they start developing cancer?” 
 
“No” she said rapidly, 
“It gets so lonely out there, 
And I tell you all honestly 
That sort of things is all but fair.” 
 
All the group showed happy faces 
Delighted with taking a glance. 
“Tell us, are you happy in other places 
Where androgens and estrogens have a dance?” 
 
“There is a place I recall, 
A bit cold but hormones adore it! 
Hardly anyone would think at all 














That estrogens inside of it fit!” 
 
“People think that of males 
Only androgens take care. 
Foolish thought, as all beings have 
Of masculine and feminine sides a share!” 
 
“Eureka” the team set loose 
“We know to what you refer! 
For males sperm to produce 
To androgens and estrogens they must defer.” 
 
“Tell us, do you know, by chance 
What steps you and hormones dance?” 
She smiled and answered with flair  
“They pick me up and raise me in air!” 
 
The next time you pick up a glass 
And fill it with milk so bright. 
Inside you a protein is waiting 
Helping to make Calcium do it right! 
 
In science, one has to be bold 
For small quests for knowledge to win. 
Ladies and gentlemen you‟ve just been told 
The Ballad of Calcium and Regucalcin. 
 
